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In many species, individuals use complex colour patterns to find food, avoid 
predation, attract mates and compete for resources. Colour patterns can evolve 
rapidly because the evolution of this multicomponent trait is driven by natural and 
sexual selection. 
To access information about colour pattern preferences during mate choice, 
we need to fully understand animal visual systems. During my PhD, I investigated 
colour perception and discrimination in a sexually dimorphic species, the guppy 
(Poecilia reticulata), in which colour is a significant factor in mate choice. My first aim 
was to determine the visual colour discrimination threshold of the fish and use it to 
validate assumptions of a theoretical colour discrimination model, the receptor noise 
limited model (RNL). Subsequently, I tested whether or not males and females 
behave similarly towards colour stimuli when they were presented at different 
positions in the water column, corresponding to object that could be displayed on 
the streambed or water surface. This allowed to test whether the distributions of 
photoreceptors in the retina influence colour-based behaviours. Finally, I 
investigated the role of colour mediated behaviour in a mate choice context. 
Specifically, I investigated the influence of colour patch adjacency on female 
preferences, and attempted to identify colour combinations that predict female 
preference under a given light environment. 
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Thesis overview 
 
This thesis is composed of six chapters. The first chapter introduces the field 
of colour vision and colour mediated behaviour. The following four data chapters 
(detailed below) present the experiments and results obtained during this PhD, those 
were performed to understand colour discrimination and mate preference based on 
colour pattern. The final chapter draws overall conclusions from the results and 
proposes new questions that need to be tested in the field of colour mediated 
behaviour. 
Chapter 2: Success of the Receptor Noise Model in predicting colour 
discrimination in guppies depends upon the colours tested 
This chapter aims to determine whether the receptor noise limited model 
(RNL), widely used to describe species colour vision, matches behavioural estimates 
of colour discrimination thresholds for stimuli occupying different areas in guppy 
colour space. Guppies (Poecilia reticulata) were trained to detect and dislodge a 
target disk over six colour gradients. The results show that most, but not all colour 
gradients, presented a threshold matching the prediction made by the RNL model. 
Deviations from the model for two of the colour gradients suggest that the effects of 
innate behaviours, prior experience, differential stimulation of the photoreceptors 
by different colours, or higher perception mechanisms in the brain, may lead to a 
mismatch between the model prediction and the behavioural data. This chapter 
emphasises that ecological relevance or fitness-related importance of some colours 
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could affect decision-making in a behavioural context and that we can no longer 
assume that the rules for colour discrimination are independent of colours. 
Chapter 3: How viewing objects with the dorsal or ventral retina affects 
colour-related behaviour 
This chapter investigates the behavioural effects of known dorsoventral 
heterogeneity in retinal cone distribution in males and female guppies (Poecilia 
reticulata). The data show that the position, speed and wavelength of coloured 
moving objects had an effect on both fish propensity to give a behavioural response 
and the intensity of this response. Ecological requirements, cone spatial distribution 
and double cones characteristics (e.g., spectral sensitivity, motion detection) 
together explained behavioural responses of the fish to the moving stimuli. Sex 
differences in response to the stimuli matched suggested differences in 
photopigment expression. The results suggest that the photoreceptor layout in the 
retina combined with the geometry and ecology of visual task explain, at least partly, 
spectral sensitivity to surrounding coloured objects. 
Chapter 4: The relative importance of local and global visual contrast in 
mate choice 
This chapter examines the effects of local versus whole-pattern visual 
contrast under different light environments on attraction of female guppies to male 
colour patterns. Results show that contrast affect mate preferences while light 
environment seems to affect female receptivity. The data also show that measures 
of local visual contrast, which estimates the perceived strength of the boundaries 
between adjacent patches, has a stronger effect on mate preferences than contrast 
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measured over the entire colour pattern but ignoring geometry. These data show 
that females prefer males with high variation of patch boundary contrasts throughout 
their pattern. Females seem to employ a strategy that favours males with high local 
contrast in some areas of their pattern, which could be enhanced during male 
courtship display, while inconspicuous to predators at larger distance. This chapter 
has implications for the evolution of colour patterns, and the relative importance of 
the different colour pattern components, that have not previously been considered. 
Chapter 5: The role of pattern geometry in mate choice 
This chapter looks further into the role of guppy colour patch geometry 
explored in chapter 2. I used boundary strength analysis (BSA) to test whether the 
perceived strength of the boundaries between adjacent patches predicted mate 
choice under a light environment which mimics natural conditions. I then evaluated, 
more specifically, which combination of adjacent colour patches explained mate 
choice. Finally, I examined which combination of adjacent colours explained the BSA 
metrics. The results indicate that local visual contrast explains mate choice but in this 
chapter, females seem to prefer males with an overall high mean boundary contrast 
(instead of a high coefficient of variation). Furthermore, the 21 combination of colour 
patches evaluated separately did not explain female preferences, indicating that the 
geometry of the entire male pattern and that local contrast is used by females. This 
chapter highlights the importance of the light environment used in the experimental 
testing of colour based behaviour and underlines the effect of entire pattern 
geometry in mate choice.  
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Chapter 1  
Introduction 
 
1.1 The importance of colour mediated behaviour 
Stimuli constantly received from the environment or from conspecifics affect 
individuals’ behavioural choices. Sensory systems (e.g., visual, olfactory, auditory), 
extract the essential inputs from those stimuli, allowing individuals to perform the 
optimal behaviour according to their life requirements. When stimuli are received 
from conspecifics they are used by the receiver to make a decision (e.g., response, 
modify or stabilize its behaviour). The decision made by the receiver will ultimately 
affect the fitness of both the sender and the receiver (Bradbury & Vehrencamp, 1998, 
Endler, 1993).  
Before reaching the receiver, a signal has to pass through the environment. 
This essential step can have a significant impact on the signal's function because the 
environment may cause signal degradation or modification (Bradbury & 
Vehrencamp, 1998; Endler, 1992, 1993a; Cole, 2013). For example, vocal signals can 
be significantly degraded in a noisy environment (Slabbekoorn & Peet, 2003; Katti & 
Warren 2004), chemical signals can be affected by environmental pollution (reviewed 
in Lürling & Scheffer, 2007) and the ambient light environment, which influences the 
perception of colour signals, plays a fundamental role in colour-based decision 
making (Endler, 1987, 1991, 1993a, 1993b; Bradbury & Vehrencamp 1998; Cole & 
Endler, 2015, 2016). Consequently, evolution favours signals, sensory systems and 
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signalling behaviours which maximise the signal reception relative to the background; 
and favours signals that are easily transmitted, received, detected and discriminated 
(Hailman, 1977; Lythgoe, 1979; Guilford & Dawkins, 1991; Endler, 1992, 1993a; Cole, 
2013; Graham et al., 2017; Lind et al., 2017; Price, 2017). 
 
Visual environments vary greatly between habitat, microhabitat, time of day 
and season (Endler, 1993b). In animals that inhabit varying visual environments, 
mitigating environmental interference can prove difficult (Seehausen et al., 1997; 
Wong et al., 2007). For example, the degradation of water quality (e.g. increase of 
turbidity) due to anthropogenic activities, can weaken the process of colour based 
mate choice, and lead to genetic diversity loss in some populations (Seehausen et al., 
1997; Wong et al., 2007). One way in which living organisms can mitigate the effect 
of variable visual environments is by having a combination of colours that maintain 
signal efficacy across microhabitats (Endler, 1978, 1993b; Cole & Endler, 2015). In this 
context, contrasting colours can allow signals to be easily detectable and identifiable. 
 
Contrasting colours can be used as warning signals, indicating that a chemical 
defence or other threat will be released towards the viewer (i.e. aposematism). In 
aposematism, highly contrasting colours can occur between an individual and its 
environment or can be displayed within the animal pattern (Prudic et al., 2007; 
Cortesi & Cheney, 2010). The use of warning signals is as beneficial for the sender as 
it is for the receiver, because it reduces the probability of being eaten for the former, 
while the latter avoids the harm or wasted foraging time if it responds correctly to 
the signal (Saporito et al., 2007). 
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To maximise their fitness, individuals must not only survive but also 
reproduce. In many species, the evolution of colour patterns is a trade-off between 
natural selection (decrease conspicuousness to avoid predators, Stevens & Merilaita, 
2009) and sexual selection (increase conspicuousness to attract mates, Endler, 1980, 
1991, 1992). In sexual selection, morphological features and colour patterns can be 
used for species recognition (Alatalo et al., 1994; Couldridge & Alexander, 2002; 
Zoppoth et al., 2013), to attract mates (Fiske et al., 1998; Lebas & Marshall, 2000; 
Loyau et al., 2007), and function in intersexual interaction such as territory defence 
(Rohwer, 1975; Endler, 1983; Kodric-Brown, 1985; Candolin, 2003; Alonso-Alvarez et 
al, 2004; Loyau et al., 2007). It is in this context that we can document and predict 
the evolution of highly contrasting colour patterns. An incredible variety of those 
patterns are found in birds, insects, amphibians and fish. Some displayed colours are 
indicators of male quality (content-driven, Kodric-Brown, 1985; Pérez-rodríguez et 
al., 2017) while others are used for sensory exploitation or are sensory driven 
(efficacy-driven, Houde & Endler, 1990; Endler, 1992; Rodd et al., 2002; Hebets & 
Papaj, 2005; Endler & Day, 2006; Sandkam et al., 2015). For example, in many fish 
and bird species, orange coloration (mostly due to carotenoid pigments) has been 
shown to be directly linked to male foraging ability and is also used by the immune 
system to fight against parasites; thus the higher the orange is (in terms of chroma 
and brightness), the healthier the individual is, and the better its diet (Endler, 1980; 
Kodric-Brown, 1989; Houde & Torio, 1992; Kierl & Johnston, 2015). It has been also 
found that the yellow to red ratio within an orange patch (due to carotenoid and 
pteridine pigments), can affect male attractiveness (Grether et al., 2001; Deere et al., 
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2012). Moreover, the survival of a colourful male can indicate its resistance to 
predator pressure indicating another quality trait (handicap principle, Zahavi, 1975; 
Gordon et al., 2015). Colourful patterns can also evolve because they influence the 
mate receiver psychology or improve the transmission efficiency of the information. 
In this case, due to the bias in female preference, evolution leads to the selection of 
extravagant ornament and highly contrasting colours (Endler & Basolo, 1998; 
Candolin, 2003; Hebets & Papaj, 2005). 
 
Coloured sexual signals have been widely studied across taxa and the 
choosing sex (male or female depending on the mating system) shows a preference 
for colourful displays (Pilastro et al., 2004; Loyau et al., 2007; Maan & Cummings, 
2009). However, few studies focus on the overall male colour pattern, and most of 
early studies in this field focus on female attraction to one or two colours, principally 
orange and red, because these are often carotenoid based and are thought to be an 
honest signal of male quality (reviewed in Svensson & Wong, 2011). Many recent 
studies have analysed multiple colours in an animal pattern but these studies do not 
take into account what happens when contrasting colours come in contact. 
Nevertheless, juxtaposed colours seems to be a strategy to improve signal efficacy 
(Endler, 1992, 2012; Hausmann et al., 2003). For example melanin patches (black) can 
act as a signal amplifier when next to orange (Brooks, 1996). However, the role of 
colour adjacency in animal communication has not received much attention (Endler, 
2012; Pérez-rodríguez et al., 2017; Endler et al., 2018) compared to overall measures 
of colour patterns (Endler, 1980; Pauers et al., 2004; Endler & Mielke, 2005; Kemp et 
al., 2008). Using pattern geometry allows us to consider the relationship between the 
 
Chapter 1                                                                                                                           - 5 -  
 
structure and function of colour pattern components. Several publications have 
drawn attention to this lack of comprehensive analysis of colour patterns, and 
suggested methods for the study of colour patterns (Endler, 1980, 2012; Endler & 
Mielke, 2005). The assessment of colour patterns can be performed by determining 
the adjacency of different colour patches and in terms of hue, chroma and luminance. 
Different methods have been suggested and most of them use a grid and transect 
across an individual picture and background to determine the transition of colours, 
as well as the physiological properties of the individual’s photoreceptor compliment 
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The use of colour in signalling is greatly dependant on the light environment 
and the background surrounding the animal (Endler, 1983; Long & Rosenqvist, 1998; 
Vorobyev & Osorio, 1998; Cole, 2013). A combination of all these sources of 
information: light environment, background and object’s colour reflectance spectra 
and visual discrimination of the viewer (Figure 1.1) can give us new insights into 
colour signal evolution. 
 
 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
Figure 1.1: Colour signalling and visual process evolution.  
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1.2 Colour in nature and Vision 
1.2.1 Light and Colours 
The environment and surrounding objects reflect, absorb or transmit only parts 
of the entire light spectrum, and this is summarised in the reflectance spectrum of 
each colour patch on an object or animal. The reflectance spectrum, in combination 
with the light spectrum, the media (air or water) transmission spectrum, and the 
spectral properties of the eyes, affects the appearance of visual signals.  
 
A colour can be characterized by its hue, saturation and luminance (Endler, 1990). 
The hue refers to the category of colour, the saturation -or chroma- refers to its 
spectral purity and the luminance refers to overall intensity of the colour (Figures 
1.2a, 1.2b). Hue and saturation define the chromatic properties of a colour while 
luminance defines the achromatic property. Only when those three measures are 
combined together can we get complete information about a given coloured 
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1.2a                                     
1.2b                               
Figure 1.2: (1.2a) Colour characteristics from human perspective (modified from ‘learning 
processing’ by Shiffman (2008). (1.2b) Physical basis of hue, chroma and luminance from J. 
A. Endler (unpublished). Animal colour spaces have similar dimensions.  
 
1.2.2 Visual system 
Vision requires photoreceptor cells which allow detection of photons (i.e., 
quanta of light, Lamb et al., 2007). In vertebrates, the photoreceptor cells are located 
in the retinal layer of the eyes. For light to reach the photoreceptor cells in the retina, 
it needs to travel through the dioptric apparatus of the eye (formed by the cornea, 
the aqueous humour, the iris, the crystalline lens, the vitreous humour and the neural 
layers in the retina, Figure 1.3a., Vogel & Angermann 1994). The number of photons 
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1975). Moreover, the muscular contractions on the dioptric apparatus allows focus 
on the retina independently of the distance from the object; this mechanism is called 
accommodation. These muscular contractions modify the distance between the lens 
and the retina in fishes or the shape of the lens in mammals, birds and reptiles (Vogel 
& Angermann 1994, Altner et al. 2012). The information received by the eyes are then 
sent to the brain via the optical nerve which ultimately allows the individual to 
interpret the visual scene.  
 
 
Figure 1.3: Diagram of a fish eye (1.3a) and retina (1.3b, modified from Lamb et al. 2007) 
organisation. 3b: ILM: Inner limiting membrane, IPL: Inner plexiform layer, OPL: Outer 
plexiform layer, OLM: Outer limiting membrane, G: ganglions cell, A: amacrine cell, B: bipolar 
cells, H: horizontal cell, R: rods, C: cones. 
 
 
1.2.2.1 The Retina and Visual pigments 
In vertebrates, the retina is composed of three cell layers and two synaptic 
layers (Lamb et al., 2007). The three cell layers contain ganglion cells in the inner 
layer, bipolar cells, horizontal cells and amacrine cells in the intermediate layer, and 
photoreceptors (i.e. cones and rods) in the outer layer (Figure 1.3b., Jacobs 1981, 
Lamb et al., 2007). Between the ganglions cells and the bipolar cells there is one 
synaptic layer forming the inner plexiform layer. The second synaptic layer, forming 
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the outer plexiform layers, is found between the bipolar cells and the photoreceptors 
(Figure 1.3b., Rodieck 1973, Lamb et al., 2007). Light passes through all the layers 
before reaching the photoreceptors. 
 
The photoreceptors (cones and rods) contain visual pigments 
(photopigments). Visual pigments consist of a protein (opsin) and a chromophore 
group. The process of phototransduction consists of the conversion of the photon 
into an electric signal (Purves et al. 2001). The absorption of a photon by the 
photopigment changes the configuration of the chromophore from 11-cis to all-trans, 
which will later regenerate to its original configuration. This change of configuration 
will generate a chemical signal through a G-protein that leads to an action potential 
(i.e. electrical signal). This electrical signal is then transmitted by the neurones in the 
retina to the optical nerve which leads it to the brain (Lythgoe, 1979, Vogel & 
Angermann 1994). 
 
The opsin present in the rod photoreceptors has a wavelength of maximum 
absorption (λmax) between 470 and 510nm, depending upon species (Lythgoe & 
Partridge, 1989). Rods are used for vision in dim light environments (Lythgoe, 1979). 
For example, fish living in deep water possess only this type of photoreceptor 
(Douglas & Partridge, 1997). The photoreceptors of cone cells are used for diurnal 
vision and colour vision (Yokoyama & Yokoyama, 1996). Cone photoreceptors can 
contain different types of visual pigments with different maximum absorption of 
wavelengths (λmax) and as such, are typically referred to as either ultraviolet sensitive 
(UVS), short wave sensitive (SWS), medium wave sensitive (MSW) and long wave 
sensitive (LWS, Jacobs, 2012). Species vary in the maximum absorption wavelength 
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of their cones, even within these categories (Lamb et al., 2007), as well as the number 
of different cone types (Hart, 2001). 
 
In many reptiles, amphibians and bird species, cones also possess an oil 
droplet located in front of the visual pigment, which filters the light, modifying the 
absorption of photons by the visual pigment and thus narrowing the spectral 
sensitivity of the cone (Jacobs 1981, Hart et al., 2000), allowing finer colour 
discrimination (Vorobyev, 2003). 
 
 
1.2.2.2  Mechanisms allowing colour discrimination 
Colour discrimination depends upon photoreceptors that can detect, discern 
and analyse the distribution of wavelengths (Lythgoe, 1979; Wyszecki & Stiles 1982, 
Jacobs, 2012). In order to be able to discriminate between colours, individuals need 
photoreceptors with at least two different spectral sensitivities (Jacobs, 2012; Kemp 
et al., 2015), and the neural mechanisms in the retina and brain (opponency) that 
compare and analyse the wavelength patterns (Jacobs, 2012). 
 
Most animal species have between 2 to 12 photoreceptors classes (humans 
have three classes of cone photoreceptors, plus a rod photoreceptor, Jacobs, 1984; 
Yokoyama & Yokoyama, 1996). This range goes from the deep water species 
possessing only one kind of photoreceptor - a rod rhodopsin - and thus can only 
detect differences in light intensity (Douglas & Partridge, 1997), to mantis shrimps 
possessing up to 12 different colour sensitive photoreceptors (12 channels colour 
 
Chapter 1                                                                                                                           - 12 -  
 
vision and two additionnal channels for polarisation vision, Marshall et al., 2007; 
Thoen et al., 2014). Aside from mammals, almost all terrestrial vertebrates have five 
classes of photoreceptors; four colour sensitive cones and a low light-sensitive rod 
(Yokoyama & Yokoyama, 1996). 
 
 
1.3 The assessment of colour vision  
Using human eyes and cognition leads to give us an erroneous idea of colours 
in the world. To better understand the evolution of animal colours used in various 
inter-individual relationships (e.g., species recognition, aposematic signal, 
camouflage, mate choice, Endler, 1980; Couldridge & Alexander, 2002; Candolin, 
2003; Loyau et al., 2007; Saporito et al., 2007), and to better understand the function 
of contrasting colours, it is essential to assess animal colour vision and discrimination. 
 
1.3.1 Background of colour vision assessment 
Whilst the first behavioural studies trying to assess colour vision were able to 
draw needed attention to an emerging field, the results were later questioned due to 
the lack of knowledge about colour components (a colour being defined not only by 
its hue, but also by its chroma and luminance, highlighted by Walls in 1942). The main 
problem was that studies did not take luminance into consideration when testing for 
colour vision. However, even a monochromatic species can discriminate between 
two objects of different colours entirely due to their difference in luminance. If 
luminance were not standardised between the two colours then the experimental 
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results would be unreliable. Moreover, even in more recent studies the lack of 
knowledge about the differences of visual systems often leads to anthropocentric 
design or interpretation of the results. For example, in their experiment Muntz & 
Cronly-Dillon (1966) described trichromatic vision in the gold fish. However, Yager & 
Jameson (1968) contested this result by showing that the experiment design was 
human biased and did not justify concluding trichromatic vision and the stimuli 
chosen could only demonstrate dichromatic vision. Nowadays, techniques and 
devices have evolved and the assessment of colour vision follows more accurate and 
reliable methods (Kelber & Osorio, 2010; Kemp et al., 2015). 
 
There are two different methods to assess colour vision in non-human 
species, based on unlearned or learned responses.  
The general principle of unlearned response techniques is to expose a focal 
individual to spontaneous changes of colour (associated with or without movements, 
Jacobs 1981). In this method, the experimenter observes the spontaneous eye 
movement or behavioural response to the change of colours (Fleishman et al., 2016). 
Even though those techniques are very useful for species which are difficult to train, 
it has some limits. For example, to perform some of these experiments, animals need 
to be placed into artificial conditions (e.g. immobilisation) to assess eye movements 
or to make them see the colours stimulus, and this may interfere with their natural 
behaviour.  
The second method, learned response techniques, consist of training an 
individual to receive a reward (principally food or drink) if it reacts in the desired way 
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to a coloured stimulus. The principle disadvantage of this method is that it may take 
a long time to train each individual and this also limits sample sizes. The advantage 
of this technique is that the focal individuals can have access to two or more colours 
for comparison during the trial (Jacobs, 1981; Neumeyer, 1986). Individuals are first 
trained with a chromatic colour. Then, during trials, an achromatic and a chromatic 
stimuli (controlled for luminance) are presented to the focal individual. If the 
individual possesses colour vision it should be able to choose the correct stimulus 
when the stimuli differ only in colour and not luminance. Note that those tests aim 
to evaluate if individuals are able to see colour (non-monochromatic vision) and not 
to evaluate how they discriminate between them.  
 
The later discovery of cone photopigment diversity has given more extensive 
information about the mechanisms of colour vision. Experiments followings these 
discoveries have shown that polymorphism of the retinal photopigments induces 
polymorphism in behavioural colour discrimination (Mollon et al., 1984; Winderickx 
et al., 1992). As a result it has become easier to assess which species are potentially 
able to discriminate between colours. Colour determination of an individual can be 
visualised using colour spaces, where each apex represents a cone class and each 
point within the colour space represents the relative stimulation of these cone 
classes. The perceptual colour space varies between di-, tri- and tetra- chromatic 
species depending upon the number of cones classes (two, three and four 
respectively) in the retina of the species of interest (Figure 1.4). 
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Figure 1.4: Cone absorption and representation of colour space for di-, tri- and tetra-




1.3.2 Colour discrimination experiments 
Many studies have investigated not only the capacity of animals to see colour 
but also the ability to discriminate between them (Ohnishi, 1991; Fratzer et al., 1994; 
Siebeck et al., 2008; Van-Eyk et al., 2011; Lucon-Xiccato & Bisazza, 2014; Oliveira et 
al., 2015). Jacobs (1981) provides a complete review of the studies on colour 
discrimination in a large number of species performed before 1981. In most of those 
learning based experiments, the focal individual is trained to receive a food reward 
when it responds correctly to the chromatic colour stimuli, as described in the 
previous section. During the experiment, an alternative chromatic colour stimulus is 
included with the same luminance as the test stimulus (Ohnishi, 1991; Fratzer et al., 
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1994; Siebeck et al., 2008; Lucon-Xiccato & Bisazza, 2014). One of the problems of 
this experimental design is that authors trained the individuals to discriminate 
between two colours (the main colour used were blue, yellow, red and green; human 
based designs) and often individuals are not retrained to another colour (Ohnishi, 
1991; Siebeck et al., 2008). Moreover, the number of individuals used in those colour 
discrimination experiments was usually very low (for example two in Van-Eyk et al., 
2011). Indeed, those experiments require a complex setting and a substantial amount 
of time to train and test each individual. However, due to the individual variability of 
response, which could be due to the variation in personality as well as variation in a 
species’ visual system (e.g., Archer et al., 1987), tests on colour discrimination need 
to be performed with a much larger sample size.  
 
Designs that are more behaviourally challenging give greater accuracy in 
determination of colour discrimination. In these protocols, the individual has to 
recognize the odd stimulus in a row of three (Jacobs 1981) or to find the target 
stimulus when it is surrounded by an array of distractor stimuli varying in luminance 
(Ishihara-style test, Cheney et al., 2019). These methods allow researchers to test a 
wider range of colour and to improve the efficiency of the learning procedure 
(training), which is extremely time-consuming. Note that, if individuals are not 
trained to recognise a particular colour they can be tested on multiple colour gradient 
without retraining. The Ishihara-style test (Cheney et al., 2019) also has the 
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Regardless of the methods used to evaluate colour discrimination, the design 
of the learning protocol (e.g. number of conditioning trials, inter-trial interval and 
animal motivation) needs to be carefully controlled because conditioning and training 
can modulate colour learning and discrimination in some species. For example, 
differential conditioning, reinforcement methods, and error cost during a task can 
change both the learning speed and the output of the discrimination test (review in 
Avarguès-Weber & Giurfa, 2014).  
 
 
1.3.3 Cone absorption measurement 
The determination of photoreceptor sensitivity and diversity improved our 
understanding of colour discrimination in various animal species. The principal 
method used to measure the spectral sensitivity of a photopigment is the MSP: 
microspectrophotometry (Lythgoe, 1979; Baylor, 1987; Kelber et al., 2003). MSP 
compares the spectral transmission of a microscopic thin beam of light passed 
transversally through the outer segment (portion where the light receptors are 
located) of an isolated single cone to the spectral transmission of a reference beam 
passed outside the cone to obtain the absorption spectrum of the outer segment 
(Bowmaker et al., 1978; Gegenfurtner & Sharpe 2001). The receptor spectral 
sensitivity can also be measured by electrophysiology (Kelber et al., 2003), for 
example, during an electroretinogram (ERG), electrodes are inserted into a corneal 
contact lens and, after the stimulation of a retinal patch, the retinal electrical activity 
is recorded. The measurement of the photoreceptor absorption spectra and 
photoreceptor classification gives only preliminary information on how individuals 
can discriminate between colours and how distant colours are in the perceptual 
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1.3.4 Methods to estimate the colour discrimination threshold 
1.3.4.1  Colour discrimination determined by photoreceptor noise 
To estimate the discrimination of colours made by a given species, the 
receptor noise-limited model (RNL) by Vorobyev & Osorio (1998) is currently the best 
model because it is the simplest that is physiologically plausible, and usually 
successfully predicts behaviour when it has been tested (Vorobyev et al., 2001; 
Olsson, Lind & Kelber, 2015; Fleishman et al., 2016). It assumes that the 
discrimination thresholds are set by photoreceptor noise (i.e., noise arising in the 
photoreceptors and at subsequent neural stages). Under photopic lighting conditions 
(e.g., usual conditions during guppy courtship and foraging), noise in a photoreceptor 
(i.e., Weber fraction) is a constant fraction of the photon capture. This model 
accounts for all types of receptor interactions. In their model “an eye with n spectral 
receptor types, requires n parameters which describe the noise level in n colour 
channels” (Kelber, Vorobyev & Osorio, 2003; Fleishman et al., 2016). According to the 
RNL model, stimuli are distinguishable if the distance between them in receptor 
space is larger than the threshold distance ΔS. In other words, the just noticeable 
distance or JND occurs when ΔS = 1. It is the minimum amount by which the stimuli 
have to be different to be visually noticeable. It corresponds to behavioural 
discrimination being correct 75% of the time (Fleishman et al., 2016). The threshold 
distance ΔS between stimuli depends on the difference in receptor signals between 
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two stimuli (Δqi) and the deviation of the noise (ei) in the different photoreceptor 
classes i.  
 
In species possessing tetrachromatic vision (e.g., Poecilia reticulata, the 
model species used during this PhD research). The threshold distance ΔS is then 
measured as follows (Vorobyev & Osorio, 1998): 
 
 ei is an estimate of the noise in a particular photoreceptor class (i), also named 
Weber fraction:   
ei = νi / √ηi 
 νi  is the standard deviation of the noise of quantum catches in a single 
receptor cell class i. Currently, νi is only known in bees and humans 
and estimated in other species).  
 ηi is the relative abundance of the photoreceptor i, where in guppies i 
is UVS, SWS, MWS or LWS. 
 
 qi is the total photon capture by a photoreceptor i, so Δqi is the difference in 
photon capture values between two colour patches, for a given 
photoreceptor i:  
Δqi = ki Ri (λ) I
 (λ) 
 Ri (λ) is the spectral sensitivity of photoreceptor i 
 I (λ) is the spectrum of light entering into the eye  
 ki is an arbitrary scaling factor which adjusts for the visual background 
light: ki=1/ʃλ Ri(λ) Ib(λ) dλ; Ib(λ) is the background spectrum and 
integration is over the visible spectrum 
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1.3.4.2  Colour discrimination as Euclidian distance 
The second model assessing distance in perceptual colour space is based on 
the Euclidian distance between stimuli in colour space (Burkhardt, 1989; Endler, 
1990; Kelber et al., 2003; Fleishman et al., 2016). It utilises the relative stimulation of 
each photoreceptor for each stimulus to plot the position of the stimulus in colour 
space (Figure 1.4). In this model, the relative photon capture (ci) for each 
photoreceptor i is: ci=qi/(quvs+qsws+qmws+qlws), where qi is the photon capture of a 
photoreceptor i (where i is UVS, SWS, MWS or LWS). Each stimulus can then be 
plotted as a point in a tetrahedral colour space (Burkhardt, 1989; Endler & Mielke, 
2005; Fleishman et al., 2016, Figure 1.4). 
 
Both of those methods produce reliable predictions of perceptual distance 
among colours (Kemp et al., 2015; Fleishman et al., 2016). However the perceptual 
distances based on receptor noise, which determine ΔS values, provide a slightly 
stronger correlation with the behavioural response because each photoreceptor class 
has a different noise level (which is known in a few species only and can be estimated 
using the relative abundance of each cone class) and therefore the Euclidean 
distances within the tetrahedron do not correspond to ΔS (for a diagram see Figure 3 
of Kemp et al., 2015). Consequently, perceptual distances based on ΔS should provide 
better estimates of perceptual distance than Euclidian distances in the tetrahedron 
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1.3.5 The importance of behavioural experiments in colour perception 
experiments 
Thanks to theoretical model allowing estimates of colour discrimination 
thresholds we can predict animal colour discrimination, and subsequently explain 
colour based behaviours. However, to determine how perceptual colour space 
influenced by neural processes, accurate behavioural experiments are necessary. 
This is particularly important because direct measures of receptor noise are almost 
non-existent. Behavioural experiments will allow us to determine how well the 
receptor noise model of colour discrimination predicts behaviour based upon colour 
perception. Many studies have investigated the relationship between the receptor 
noise and the perceptual distance between colours (Vorobyev et al., 2001; GoldSmith 
& Bulter, 2003;  Dyer et al., 2008; Lind & Kelber, 2009; Thoen et al., 2014; Olsson et 
al., 2015; Champ et al., 2016; Fleishman et al., 2016; Cheney et al., 2019). However, 
the number of studies still low compared to the number of papers using the receptor 
noise model to predict colour based behaviours. Additional validation of the model 
by behavioural test are still needed in multiple species. The papers testing the 
receptor noise model used different experimental methods. Unlearned responses 
were used by Fleishman et al. (2016) using visual attention assay performed on 
lizards. The learned response protocol based upon training was used by Vorobvey et 
al. (2001), Dyer et al. (2008) with bees,  by Thoen et al. (2014) with mantis shrimps, 
by Goldsmith & Bulter (2003), Lind & Kelber 2009, Olsson et al. (2015) with birds, by 
Champ et al. (2016) and Cheney et al. (2019) with fish. In these experiments, the 
experimenter decreased the difference between the target and distractor colours 
until the discrimination disappeared. In most of those protocols, each stimulus pair 
was presented many times and the percentage of correct choice was recorded. The 
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experiments finished when the focal individual was no longer able to discriminate 
between both stimuli. Those methods allow evaluation of the actual discrimination 
threshold of individuals that can be then used in behavioural experiment to describe 
colour based behaviours. 
 
This PhD project aimed to combine information about colour discrimination 
with mate choice behavioural experiments, bringing new insights into the evolution 
of colour patterns in sexual selection. 
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1.4 The guppy: an ideal biological model to test colour 
discrimination and coloured based behaviour 
 
Guppies (Poecilia reticulata) inhabit shallow clear water streams in tropical 
rainforest where they use colour vision for survival and reproduction (Endler, 1978; 
Houde, 1997). They are a sexually dimorphic species, with males exhibiting extreme 
colour pattern polymorphism (Endler, 1978, 1983) which is influenced by the local 
balance between predation and sexual selection (Endler, 1978, 1980, 1987, 1992; 
Reznick et al., 2001; Gordon et al., 2015). This high level of colour pattern 
polymorphism makes it an excellent model to investigate colour discrimination and 
the role of colour patch geometry. Male guppies display orange, yellow, and black 
pigment-based coloured patches, as well as green, violet and blue structural-colour-
based patches, and all vary in size, shape and position. Some of these colours have 
been shown to indicate male quality (e.g., parasite load, fertility, Houde & Torio, 
1992; Pitcher & Evans, 2001) and are assessed by females during mate choice (Cole 
& Endler, 2015).  
In many populations, mate choice is predicted by the relative areas, hue, 
chroma and luminance, of the orange colour patches (Kodric-Brown, 1985; Houde & 
Endler, 1990; Houde & Torio, 1992; Long, 1993; Endler & Houde, 1995; Houde, 1997; 
Rodd et al., 2002; Deere et al., 2012) and the relative area of the black patches 
(Brooks, 1996). Guppies also use colour vision for foraging on algae, rainforest fruits, 
macroinvertebrates and insect larvae (Houde, 1997; Zandonà et al., 2011; Lawal et 
al., 2012).  
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To better understand the evolution of male colour patterns and colour based 
behaviours in guppies, it is first necessary to determine how they perceive colours. 
Indeed, the ecology and evolution of colour traits in nature will ultimately be driven 
by the behavioural response of the viewers (Guilford & Dawkins, 1991; Endler et al., 
2005).  
Many studies have yielded information on the guppy visual system such as 
spectral sensitivity, photoreceptor arrangement across the retina and relative 
abundance of photoreceptors (Long, 1993; Kranz et al., 2018; reviewed in Sandkam 
et al., 2018). Guppies possess nine cone opsin genes coding photopigments in their 
photoreceptors with different wavelengths of peak sensitivity. They possess one 
ultraviolet (SWS1), two short-wavelength (SWS2-A, SWS2-B), two medium 
wavelengths (RH2-1, RH2-2) and four long-wavelength (LWS1, LWS2, LWS3, LWS4) 
sensitive opsins, thus covering a broad range of the natural light spectrum 
(Kawamura et al., 2016; Kunstner et al., 2016; reviewed in Sandkam et al., 2018). The 
retina of the guppy forms a regular mosaic (Ali & Anctil 1976; Long, 1993) and this 
yields photoreceptor abundances ratios of 1:1:2:2 for UVS, SWS, MWS and LWS 
respectively (Long, 1993; Laver & Taylor, 2011). These data are essential for visual 
calculations including the receptor noise model. 
 
Knowledge of guppies’ visual system, their use of colours cues in multiple 
behavioural tasks and their high polymorphism make guppies an excellent model 
organism to investigate colour discrimination and the use of colour adjacency in mate 
choice. 
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2.1 Abstract 
Accurate knowledge on species colour discrimination is fundamental to 
explain colour based behaviours and the evolution of colour patterns. We tested how 
the receptor noise limited model, widely used in behavioural ecology, matched the 
actual colour discrimination threshold obtained using behavioural tests. Guppies 
(Poecilia reticulata) were first trained to push a target coloured disk placed among 
eight grey disks of various luminances on a grey plate. Guppies were then tested to 
find target disks, which varied in colour contrast. The target disks followed a gradient 
going from a very contrasted to an inconspicuous colour from the grey background. 
We plotted the percentage of correct choices of each colour contrast in the gradient 
against the model prediction and determined the thresholds of discrimination using 
the inflection point of the fitted sigmoid curve. We performed the experiment on six 
colour gradients: red, orange, yellow, green, blue and purple. Four colour gradients: 
red, orange, green and blue, showed a discrimination threshold that matched the 
model predictions. However, deviations of the model for two (yellow and purple) of 
our six colour gradients indicate that ecological relevance and/or brain processing of 
some colours could affect decision-making in behavioural tests and that we can no 
longer assume that the rules for colour discrimination are independent of colours. 
 
Keywords: Receptor noise limited model; colour vision; behavioural threshold; 
Guppy; Visual Modelling 
 




The information provided by colour signals is used in a wide range of 
behaviours that affect individuals’ reproduction and survival, such as mate choice, 
foraging and predator-prey interactions (Endler, 1978; Caine & Mundy, 2000; 
Couldridge & Alexander, 2002; Candolin, 2003; Prudic et al., 2007; Roulin & Bize, 
2007). A fundamental step in understanding colour-based behaviours is to determine 
how colours are perceived (Kelber et al., 2003). A number of mathematical models 
have been developed with the aim to predict the ability of a species to discriminate 
colours, based on what happens in the retina (Table 1 in Hempel De Ibarra et al., 
2014; see Kelber et al., 2003 and Kemp et al., 2015 for reviews). Using known 
photoreceptor sensitivities and relative abundances, in many species (Cronin et al., 
2014), investigators can use the visual models to predict visual abilities. However, to 
determine actual colour perception, which includes processing in the brain as well as 
in the retina, and to validate predictions from the visual models, it is necessary to 
perform carefully designed behavioural experiments. These experiments evaluate 
the ability of individuals to detect or discriminate among colours (Kemp et al., 2015). 
Currently, behavioural colour discrimination thresholds are only available in a few 
species (Vorobyev & Osorio, 1998; Vorobyev et al., 2001; Dyer et al., 2008; Lind et al., 
2014; Olsson et al., 2015; Champ et al., 2016; Fleishman et al., 2016).  
 
The receptor noise limited model (RNL, Vorobyev & Osorio, 1998) is widely 
used to predict species colour discrimination. It assumes that the noise in the 
photoreceptors is the main limitation to colour discrimination in a given species 
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(Vorobyev & Osorio, 1998). The RNL model estimates ∆S: the sensed distance 
between stimuli in the retina. ∆S is thus a measure of the likelihood of colour 
discrimination between two stimuli; when ΔS=1, two visual stimuli are presumed to 
be just noticeably different (JND, Vorobyev & Osorio, 1998; Endler & Mielke, 2005; 
Kemp et al., 2015). Above this threshold (ΔS>1), the viewer is theoretically able to 
discriminate between the two stimuli. Below this threshold (ΔS<1) the viewer is 
unlikely to discriminate between them. This model has been validated using 
behavioural experiments in a few species including, humans, honeybees, several bird, 
lizard and reef fish species (Vorobyev & Osorio, 1998; Vorobyev et al., 2001; Dyer et 
al., 2008; Lind et al., 2014; Olsson et al., 2015; Champ et al., 2016; Fleishman et al., 
2016). However, the RNL model has not yet been validated using behavioural 
experiments in freshwater fish. Given the importance of freshwater fish in colour 
based evolutionary experiments (Endler, 1991; Couldridge & Alexander, 2002; Fuller, 
2002; Seehausen & Schluter, 2004; Kemp et al., 2008; Maan & Sefc, 2013; Cole & 
Endler, 2015; Kranz et al., 2018), this is an important gap in our knowledge and the 
purpose of this chapter. 
 
In freshwater environments, colour signals can be crucial cues for various 
behaviours such as individual recognition, mate choice, predator avoidance or 
foraging. One freshwater species that exhibits conspicuous colouration is the guppy 
(Poecilia reticulata). Guppies inhabit freshwater streams and show very strong 
chromatic sexual dimorphism (Houde, 1997). Males display highly polymorphic 
colour patterns, which can be an indication of a male’s quality (Houde & Torio, 1992; 
Pitcher & Evans, 2001) and are assessed by females during mate choice (Cole & 
Endler, 2015; Sibeaux et al., forthcoming). Guppies also use colour vision for foraging 
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on algae, rainforest fruits, macroinvertebrates and insect larvae (Houde, 1997; 
Zandonà et al., 2011). To understand the evolution of male colour patterns and colour 
based behaviours in guppies, it is essential to determine how they perceive colours. 
Indeed, the ecology and evolution of colour traits in nature will ultimately be driven 
by the behavioural response of individual viewers (Guilford & Dawkins, 1991; Endler 
et al., 2005). Multiple studies have yielded diverse knowledge of the guppy visual 
system such as spectral sensitivity, arrangement and relative abundance of 
photoreceptor classes (Long, 1993; reviewed in Sandkam et al., 2018). This makes the 
guppy an excellent model organism to investigate colour perception and validate 
visual models. 
 
We tested the validity of the RNL model by comparing the behavioural colour 
discrimination ability of guppies to the RNL model predictions. We used coloured 
stimuli sets of six colour gradients, each ranging from a "pure" (highly chromatic) 
colour to grey. Each gradient occupied a different area in guppy colour space (Figure 
2.1). The fish were trained to detect a coloured target stimulus on a grey background 
amoung other grey stimuli. We compared the threshold of colour discrimination 
within each colour gradient to test for possible variation in the fit between predicted 
and observed behaviour and variation in the behavioural reaction towards different 
gradients (possible differences in the psychometric functions). The latency before 
first push was also measured and we predicted that the smaller the ΔS against the 
background, the higher the latency.  The assumptions of the RNL model are validated 
when the colour discrimination threshold is approximately equal to one. 
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2-3 Material and Methods 
 
2.3.1 Fish husbandry 
We used guppies from a large laboratory population descending from a wild 
caught guppy population, caught in late 2010 at Alligator Creek, Bowling Green Bay 
National park, Queensland (19°26.79’S 146°58.65’E). To control for age, three 
replicates each of 80 juvenile (approximately one-month-old with a ~1:1 sex ratio) 
were placed in 196 litre glass tanks seven months for maturation prior to the 
beginning of the experiment. The tanks were illuminated by high-frequency 
fluorescent lamps following a 12 hour light-dark cycle and the fish were fed once a 
day with flake food or brine shrimp.  
2.3.2 Experimental setup 
We selected six females, all approximately eight months old and isolated 
them in 20-litre experimental tanks (22 x 35.5 x 26 cm). Each tank had an opaque 
partition with a sliding door, which allowed females to swim through when lifted. This 
partition created two equally sized compartments, the home compartment and the 
experimental compartment (Figure S2.1a). A mirror (12 x 12cm, covering 75% of the 
left side wall of the home compartment) was placed in the home tank to create the 
illusion of a companion fish in order to minimise social isolation for the focal female 
(Agrillo et al., 2012). Each tank was illuminated by an Exo-terra Sunray 50W reptile 
light, which leads to similar quantum catches for the fish’s cones as in sunlight (the 
lights include UV which is characteristic of sunlight and visible to guppies,  Figure 
S2.1b). We measured the irradiance (Figure S2.1b) using a cosine-corrected receptor 
and an ocean optics USB2000+ spectrophotometer calibrated for photon flux (μmol 
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photons m-1 sec-1 nm-1) with a Li-Cor LI-1800-02 optical radiation calibrator (standard 
lamp); for details see Endler (1990). The tanks contained one cm of white gravel and 
14 centimetres of water and were maintained at 22±2°C. 
To minimise any human interference on the fish behaviour, a black curtain 
(1.2 meters long and 3.5 meters wide) was placed in front of the experimental tanks. 
The experimenters were able to open the sliding door between the two chambers 
from outside the experimental area using a nylon thread connected to the door (See 
Supplementary Figure S2.1 for an overview of the experimental set up). The trials 
were recorded with Panasonic HC-V100 and JVC HD Everio cameras facing down from 
above the tanks. 
2.3.3 Stimuli 
To determine colour discrimination in guppies, we evaluated the ability of 
each fish to identify a target coloured stimulus disk among grey disk stimuli on a grey 
acrylic background plate. The plates and disks were designed using Adobe illustrator 
CS6 (version 16.0.3) and manufactured with a Trotec laser cutter (Trotec Laser 
engraver, Trotec Laser Pty Ltd, NSW 2557, Australia). The plates measured 100 x 100 
x 6mm and had 25 evenly spaced holes of 5mm diameter and 2 to 3mm depth. The 
disks were 10 mm diameter by 3 mm. All plates and disks were painted with an 
acrylic, non-toxic paint (acrylic paint, Art culture TM).  
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For the target stimuli, we created six colour gradients: red, orange, yellow, 
green, blue and purple, covering different areas in guppy colour space (Figure 2.1). 
Each gradient contained between 9 and 12 disks varying from a very chromatic 
(saturated) colour, which was highly conspicuous against the background, to a colour 
which was very similar to the background and hence inconspicuous. To create the six 
colour gradients we mixed the original paints (“Warm Red”, “Orange", “Warm 
Yellow”, “Green Light”, “Warm Blue” acrylic paint,  Art Culture™) in various 
proportions with the background grey paint ("Grey" acrylic paint, Art Culture™). For 
the purple gradient, we used a mix between “Warm Red” and “Warm Blue” as the 
starting colour (See Supplementary Figure S2.2 for the reflectance spectra of all 
stimuli). The most conspicuous colour was the pure (not mixed with grey) coloured 
paint. To make the gradient we added a drop of the grey background paint to this 
coloured paint to create the second stimulus in the gradient, and then a second drop 
of grey to create the third stimulus and continued to add drops until a full gradient 
was obtained. This produced disks that ranged from the "pure" colour to the grey of 
the grey plate (Figure 2.1 shows the colour gradients according to the guppies’ visual 
system; Supplementary Figure S2.2 shows the reflectance spectra of all gradient 
stimuli). The orange gradient contained 12 contrasts of stimuli, the red and green 11 
contrasts, the blue 10 contrasts, the yellow and purple 9 contrasts.  Numbers varied 
as a result of paint pigment limitations. For each colour gradient, we created three 
replicate stimuli of the same colour contrast, which were used randomly during trials. 
 
The plates were painted with the grey background paint (“Grey” acrylic paint, 
Art Culture™). For each trial, we used one coloured target disk and eight grey 
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distractor disks.  The distractor disks were used as controls to ensure that the fish 
were identifying the target disks because of their colour rather than their luminance 
or position. We generated a gradient of distractor disk with 22 grey steps, created by 
mixing white and black paint (“White” and “Black” acrylic paint, Art Culture™) in 
white:black ratios varying from 1:10 to 10:1. Another eight distractor disks were 
painted with the same colour as the grey background plate. For each trial, we 
selected eight distractor disks randomly out of the 30 distractor disks. 
 
We used the receptor noise limited model to measure the sensed distance 
(∆S) between each target stimulus and the grey background and to predict the colour 
discrimination threshold (JND) as ΔS=1. We used the formulae in Vorobyev & Osorio 
(1998) and Kelber, Vorobyev & Osorio, (2003). ΔS depends on the difference in 
receptor signals between two stimuli (Δqi) and the standard deviation of the noise 
(ei) in the four photoreceptor classes (i=1,2,3,4 for the UVS, SWS, MWS and LWS cone 
classes with peak sensitivities to UV, small, medium and long wavelengths, 
respectively). The retina of the guppy forms a regular mosaic and this yields 
photoreceptor abundances ratios of 1:1:2:2 for UVS, SWS, MWS and LWS respectively 
(Long 1993, Laver & Taylor 2011). We conservatively used 0.2 as the standard 
deviation of the noise in a single receptor cell type i (i.e., numerator of the Weber 
fraction -" υi " in Vorobvey & Osorio 1998,  " σi " in Olsson, Lind & Kelber, 2015) to 
calculate receptor noise. Some other published studies used 0.1 and even 0.05 but 
that yields larger and possibly unrealistic values of ΔS in the guppy. We used the 
ambient light irradiance, spectral reflectance of the grey background and of each 
coloured disk, and the guppy cone spectral sensitivities to calculate ΔS between each 
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disk and the grey background. We used photoreceptor spectral sensitivities based 
upon both microspectrophotometry (MSP) and opsin expression data (reviewed in 
Kawamura et al. 2016, Sandkam et al. 2018, Kranz et al. 2018): SWS1 (UVS, peak of 
cone spectral sensitivity λmax= 359nm), SWS2b (SWS, λmax= 408nm), Rh2-2 (MWS, 
λmax= 465nm) and LWS3 (LWS, λmax= 560nm). 
 
Figure 2.1: Stimuli generated for the six colour gradients in the tetrahedron of guppy colour 
vision. Front view, left. Top view, right. The Von Kries correction was applied for all cone 
captures. The large black dot represents the grey background and the black cross represents 
the achromatic point for the guppy visual system under the light conditions of the 
experiment. See Supplementary Figure S2.3 for an enlargement of the stimuli. 
2.3.4 Training 
The training was designed to teach the fish to dislodge a disk in order to 
receive a food reward (brine shrimp) hidden under it. To perform the training and 
reinforcement trials we placed a drop of brine shrimp nauplii in water in one random 
hole of the plate and immediately placed it in the freezer for at least 10 hours. The 
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freezing process allowed the food to stay in the plate hole during the trial, rather than 
floating free. The variation in water temperature due to the frozen plate did not 
exceed 2°C and we did not observe any modification of the fish behaviour or any sign 
of stress. 
 
We followed a slightly modified version of the training protocol used by 
Bisazza et al., (2014) for guppies. The training had 16 stages (see Supplementary 
Table S2.1 for details). During the first stage of the training, only the target coloured 
disk and two grey disks (of different luminance) were placed on the plate with the 
target disk covering only 10% of the hole containing the food. To obtain the food, the 
fish simply had to approach and access the hole partially covered by the target disk. 
We defined success as when the fish oriented toward the food and started eating 
within 10 seconds after entering the experimental compartment. Once the fish had 
learnt how to obtain the food, we gradually increased the amount by which the disk 
covered the hole for the next 10 training stages (10%, 20%, 30%, 40%, 50%, 60%, 70%, 
80%, 90%, and 100%) so that the fish eventually learned to push and dislodge the disk 
to get the food reward (Supplementary material Section S2.1). The time taken to 
obtain the food reward increased naturally with each of the first 10 training stages. 
A fish generally spent more than two minutes before dislodging a disk with 100% of 
the hole covered. We left the fish in the experimental compartment until they 
removed the coloured disk and ate the food under it. However, if after 10 minutes 
the fish did not dislodge the disk (either because she did not push or because she did 
not push enough), we showed the fish the correct disk and helped her to dislodge it, 
by gently pushing the disk with a thin metal rod to uncover the food. 
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Once a fish was able to choose and dislodge the target disk in at least three 
consecutive trials to get the food, we increased the number of distractor disks 
gradually (chosen randomly among the group of 30 distractor disks), until eight 
distractor disks and the target coloured disk, were displayed on the plate in any one 
trial (Supplementary Table S2.1). We estimated that a female was fully trained when 
she dislodged 100% of the target disks over two consecutive training sessions (six 
trials). During any trial, if the first push was on a grey disk, the trial was counted as a 
failure, even if the target disk was dislodged later on the same trial. The training 
required one and a half months for all colour gradients except for the purple gradient, 
which required two months. 
 
We performed six training trials every day, three between 10 am and 12 noon 
and three between 3:30 and 5:30 pm. The duration of the training sessions was as 
small as possible to minimise any possible effects of the circadian rhythm of opsin 
expression, which may influence colour-based behaviour.  
2.3.5 Experimental and reinforcement trials 
To avoid any olfactory bias no food was placed under the target disk during 
all experimental trials. To maintain consistency, we used a frozen plate in all trials 
regardless of whether or not the plate contained food.  
 
A trial was set up with the frozen plate being placed in the centre of the tank’s 
experimental compartment with the eight background grey disks and the target disk 
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arranged randomly over the holes. The experimenter turned the camera on, closed 
the curtain and opened the sliding door. Once the fish entered the experimental 
compartment (the curtain was translucent enough for viewing), a timer was put on 
for two min. After the two min of trials, the experimenter turned off the camera, 
opened the sliding door again and waved the hand in front and on the side of the 
experimental compartment, encouraging the fish to go back to its home 
compartment. We then closed the sliding door and removed the plate and disks. 
 
During the experiment, fish performed eight trials per day, four during the 
morning session and four during the afternoon session, at the same times as training. 
Four different stimulus sets (i.e. plate and disks) were placed consecutively in the 
tank during one experimental session. The first fish to perform the experiment was 
chosen randomly every day. During each experimental session, three experimental 
trials and one reinforcement trial were run. 
 
Because tests were not accompanied by a food reward, it was necessary to 
run a rewarded reinforcement trial during each session to maintain high fish 
motivation. The reinforcement trial was randomly run first, second, third or last 
during the session. Reinforcement trials were run the same way as experimental trials 
but food was placed under the target disk. All reinforcement trials were run with the 
most conspicuous colour of each colour gradient as the target disk (the one with the 
highest contrast against background). 
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Each fish performed the experiment on three colour gradients, run in Latin 
Square order (Table 2.1). All fish performed 10 trials for each colour contrast of a 
given colour gradient. Thus, each colour gradient was tested on three different fish. 
A total of 30 trials were run for each colour contrast of each gradient. 
Table 2.1: Colour gradient order experienced by each fish. 
Fish F1 F2 F3 F4 F5 F6 
1st colour 
gradient 
Purple Orange Blue Red Green Yellow 
2nd colour 
gradient 
Orange Blue Red Green Yellow Purple 
3 d colour 
gradient 
Red Green Yellow Purple Blue Orange 
 
2.3.6 Data collection 
The videos were viewed for analysis with VLC media player (version 3.0.4). We 
recorded the time of entry in the experimental compartment, the fish choice (first 
disk push is the target disk = correct choice, first disk push is one of the grey disk, or 
no push during the entire trial = incorrect choice), the time of first push (Latency). We 
also recorded if the coloured disk was dislodged during the two minute trials. The 
target disk was dislodged in 11.2% of the experimental trials, and in those cases the 
fish did not find a food reward under the disk and this could have lead to a motivation 
drop. However, a fish that dislodged a disk and did not push any disk in the following 
trials occurred only 0.01% of the trials, leading to the conclusion that dislodging the 
disk did not decrease fish motivation. For the reinforcement trials, we recorded the 
time when the coloured disk was dislodged. 
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2.3.7 Statistical analysis 
All statistical analyses were performed in R (R Core team 2013) with R Studio 
(R Studio 2016, Version 0.99.8). Normality and homogeneity of the residuals were 
verified for each model before further analysis. 
 
The reinforcement trials were not included in the statistical analysis because 
they were always run with the most conspicuous target disk and food was placed 
under this disk. The overall percentage of correct choices (first disk push is the target 
disk) obtained by the fish during reinforcement trial were 100%, 98%, 96%, 94%, 88% 
and 62% for the yellow, red, orange, green, blue and purple gradients respectively. 
 
Discrimination threshold for each of the colour categories 
To determine the discrimination threshold for the colour gradients we used 
the inflection point (i.e. point of maximum slope) of a sigmoid curve fitted to the data.  
A sigmoid curve is the best way to estimate the location of a state change (here 
change in perception) which occurs in psychometric functions. 
 
For each fish, the percentage of correct choices for each colour stimulus of a 
gradient was plotted against the estimated ∆S of this stimulus against the 
background. We fitted a sigmoid curve to the data using Matlab (2017a version 9.2.0). 
The sigmoid curve followed the non-linear regression model: Y ~ b1/(1 + exp(b2 - 
b3*X)) where b1 is the asymptote of the curve, b2 is the inflection times the slope 
and b3 is the slope of the curve. We used sigmoid curves for all colours except for 
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two purple gradients (performed by the fish F3 and F5, see supplementary material 
S4) where the thresholds were determined by the inflection point of a polynomial 
function because they were not sigmoid shaped. To obtain a single threshold value 
for each colour gradient, we plotted the percentage of correct choice of the three 
fish performing on a given colour stimulus, against the estimated ∆S of this stimulus 
and fitted a sigmoid curve. We determined the threshold using the inflection point of 
this sigmoid or polynomial curve. The thresholds obtained for each fish were used in 
the subsequent analysis. 
 
To test the validity of sigmoid threshold determination we compared the 
sigmoid thresholds with a probability method used in other species (i.e., binomial 
test, Lind, 2016; Olsson et al., 2015). The binomial test and evaluates the minimum 
number of correct choices necessary to be significantly greater than random choice. 
This method gave us a threshold of colour discrimination at 40% of correct choices 
for a colour gradient when a single fish was performing (probability of success on a 
single trial=0.11, number of trials per fish per colour contrast=10, P=0.02, one-tailed 
binomial test). Note that random performance is not 50% because this is a choice of 
one out of nine disks, not two. 
 
Differences in thresholds between colour categories 
Once the behavioural thresholds of colour discrimination were determined 
for each fish, we tested for differences in threshold among colour gradients. We 
performed a mixed linear model (function lmer in package lme4, Bates et al., 2014) 
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with the discrimination threshold ∆S as the response variable and colour gradient 
name as the fixed effect (explanatory variable). We included fish identity as a random 
factor. We ran a post hoc analysis to control for multiple comparisons (across colour 
gradients) using the glht function and Bonferroni adjustment (R package multcomp, 
Hothorn et al., 2017).  
 
Differences in plateaus of maximum between colour categories 
For each fish tested on each colour gradient, we extracted the Y max 
(maximum percentage of correct choice) from the fitted sigmoid curve. This value 
represents the plateau of maximum percentage of correct choice for each fish for 
that colour gradient. The difference in plateau between colour categories was tested 
with a generalised linear mixed model and post-hoc with Bonferroni adjustment as 
for our tests for differences in threshold between colour categories, with plateau 
instead of threshold as the response variable. 
 
Differences in fish response (i.e., psychometric function) between each colour 
categories 
We ran a generalised linear mixed model (function glmer in package lme4, 
Bates et al., 2014) to test if the colour gradient had an influence on the relationship 
between ΔS and the percentage of correct choice. In other words, does the colour 
influence the way fish responded to the test and thus the shape of the psychometric 
function? The binomial variable “fish choice” (correct vs incorrect) was the response 
variable, the sensed distance between stimuli (ΔS), the colour gradient name and the 
first order interaction between those two variables were the fixed factors. Fish ID was 
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added as random factor. The model followed a binomial distribution with logit link. 
We performed six models, each with a different colour as the reference variable 
allowing us to compare colours pairwise. We corrected p-values for multiple 
comparisons using the Bonferroni method (p-adjust, R package Stats).  
 
Latency before first disk pushed 
To test if the sensed difference from the background ΔS (the lower the ΔS the 
more difficult a trial was expected to be) had an effect on the latency of the fish 
response (first disk pushed), we ran a linear mixed model (lmer in R package lme4, 
Bates et al., 2014). To satisfy the assumptions of the linear mixed model, we 
conducted a Tukey’s Ladder of Powers transformation on the latency data. This 
transformation produced a normally distributed latency variable and led to normal 
residuals in the linear mixed model (transformTukey, package rcompanion, 
Mangiafico 2018). The Latency0.05 was the transformed response variable, the sensed 
distance between stimuli (ΔS), the colour categories and the first order interaction 
between those two variables were the fixed factors. Fish ID was added as random 
factor. We performed six models to obtain the effect of the colour gradient on the 
fish responses to the test (in each model a different colour was the reference 
variable). We ran a P-value adjustment test using the Bonferroni method (p-adjust, R 
package Stats) to control for multiple comparisons.  
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2.3.8 Ethical Note 
The methods adhered to the ASAB/ABS Guidelines for the Use of Animals in 
Research and were carried out in accordance with the Code of Ethics of the World 
Medical Association (Declaration of Helsinki). This experiment was conducted under 
Deakin University’s Animal Ethics Committee approval number G11-2015. All 
movement generated to place and remove the experimental plate and disk in the 
aquarium were performed with highest care to not disturb the fish. During the 
experiment, the water quality (pH and KH) was controlled fortnightly to insure the 
best husbandry conditions for the fish.  
 
Chapter 2                                                                                                                                    - 53 -  
 
2.4 Results 
2.4.1 Discrimination threshold for each of the colour categories 
The two methods used to determine the discrimination thresholds: inflection 
point and binomial test, yielded results which were strongly correlated (r=0.98, CI95% 
[0.94; 0.99], p<0.001, see supplementary Figure S2.5). Consequently, we used the 
inflection point method for subsequent analysis. 
 
Two of the colour gradients: red and blue, showed a threshold between 1.4 
and 1.5 ΔS. Orange and green colour gradients showed a threshold between 1.5 and 
2 ΔS. The purple and yellow gradients had the highest thresholds, over 2.75 ΔS (Figure 
2.2). Sigmoid curves and threshold determinations for each fish are presented in 
Supplementary Figure S2.4 and Table 2.2 gives the values of individual thresholds. 
Supplementary Table S2.2 gives the threshold obtained with the binomial test 
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Figure 2.2: Estimation of the discrimination thresholds between targets and the grey 
background for the six colour gradients. Thresholds were estimated as the point of inflection 
of the sigmoid curves. Each percentage of correct choice within a gradient is the mean of the 
correct choice from three fish (n=30 trials). Note that we used the threshold obtained for 
each individual fish (Supplementary Figure S2.4, Table 2.2) for the subsequent statistical 
analysis in contrast to the means shown here for illustration. 
 
Table 2.2: Discrimination thresholds for the six colour categories (using the inflection 
method) for each fish individually (Individual Threshold Curves on Supplementary material 
S4). ‘Order’ (from 1 to 3) indicates whether the fish have performed the test on a colour 
gradient first, second or last during the experiment. 
Colour category fish Order Individual Threshold 
Red 
F4 1 1.18 
F3 2 1.37 
F1 3 1.64 
Orange 
F2 1 2.05 
F1 2 1.87 
F6 3 1.38 
Yellow 
F6 1 3.26 
F5 2 2.76 
F3 3 3.03 
Green 
F5 1 1.59 
F4 2 1.81 
F2 3 1.42 
Blue 
F3 1 1.55 
F2 2 1.36 
F5 3 1.87 
Purple 
F1 1 3.01 
F6 2 2.31 
F4 3 3.66 
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2.4.2 Differences in thresholds between colour categories 
The purple and yellow colour gradients had a significantly higher threshold of 
detection than the blue, green, orange and red colour gradient (Figure 2.3, Table 2.3). 
We did not find any significant differences between the purple and the yellow 




Figure 2.3: Discrimination threshold (mean ± SE) for each of the six colour gradients using the 
point of inflection of the sigmoid curve. Different letters denote statistical differences.  See 
table 2.2 for the data. 
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Table 2.3: Tests for differences in thresholds between pairs of colours for the six colour 
gradients. P-values in bold are significant after Bonferroni adjustment for multiple 
comparisons. β= β coefficient, SE= standard error, Z= z value, P= p-value, SD= standard 
deviation. 
 
Colour Gradient pairwise comparison β SE Z P 
Green-Blue 0.01 0.30 0.04 1.00 
Orange-Blue 0.17 0.30 0.58 1.00 
Red-Blue -0.20 0.30 -0.67 1.00 
Purple-Blue 1.40 0.30 4.70 <0.001 
Yellow-Blue 1.42 0.30 4.77 <0.001 
Orange-Green 0.16 0.30 0.54 1.00 
Red-Green -0.21 0.30 -0.71 1.00 
Purple-Green 1.39 0.30 4.66 <0.001 
Yellow-Green 1.41 0.30 4.74 <0.001 
Red-Orange -0.37 0.30 -1.24 1.00 
Purple-Orange 1.23 0.30 4.12 <0.001 
Yellow-Orange 1.25 0.30 4.20 <0.001 
Purple-Red 1.60 0.30 5.36 <0.001 
Yellow-Red 1.62 0.30 5.44 <0.001 
Yellow-Purple 0.02 0.30 0.08 1.00 
Random Effects Variance  SD n  
Fish 1.71x10-22 1.20x10-11 6  
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2.4.3 Differences in plateau of maximum between colour categories 
We did not find any significant differences in the plateaus among the six 
colour gradients (all P>0.24, Supplementary Table S2.3); in the other words the 
maximum percentage of correct choices is the same for all colours. 
 
2.4.4 Differences in fish response (i.e., psychometric function) between each 
colour categories 
We did not find any significant differences in the way that fish responded to 
the test among the six colour gradients (all P>0.56, Supplementary Table S2.4). Only 
the sensed distance had a significant effect on the percentage of correct choices in 
each model (P<0.001). 
 
2.4.5 Latency before first disk pushed 
When tested on the blue, green, yellow and red gradients, guppies showed a 
significantly shorter latency before first push compared to when tested with the 
purple gradient (Table 2.4, Figure 2.4).  
The sensed distance (ΔS) had a significant effect on the latency before first 
push for the red and yellow colour gradients. Fish were significantly faster to make a 
decision on which disk to push for larger ΔS (p<0.001, Table 2.4, Figure 2.4, 
Supplementary Table S2.5). The interaction between latency and ΔS was significantly 
different between the red and the green gradient. The red gradient showed a 
significant positive relationship between latency and ΔS, the green did not; and the 
two linear fit were significantly different (Table 2.4). 
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Table 2.4: Significant values of the linear mixed model testing if the sensed distanced (ΔS) 
between the background and the target stimuli had an effect on the latency of the fish 
response. This table shows only the significant variables of the model (when p<0.05) after 
Bonferroni correction for multiple comparisons. For results of the full model, see 
Supplementary Table S2.5. β= β coefficient, SE= standard error, DF= degrees of freedom,       
Z= z value, P= p-value, SD= standard deviation 
Intercept colour Variable β SE DF t P 
Blue (Intercept) 1.19 0.01 28 139.89 <0.001 
Green (Intercept) 1.19 0.01 19 154.10 <0.001 
Green ΔS:Red -0.01 0.00 1433 -3.80 0.011 
Orange (Intercept) 1.17 0.01 19 150.79 <0.001 
Orange Red 0.04 0.01 1415 4.49 0.001 
Orange Yellow 0.05 0.01 1430 6.14 <0.001 
Red (Intercept) 1.20 0.01 17 160.17 <0.001 
Red ΔS -0.01 0.00 1433 -7.38 <0.001 
Purple (Intercept) 1.15 0.01 63 110.02 <0.001 
Purple Yellow 0.07 0.01 1436 5.84 <0.001 
Purple Blue 0.04 0.01 1426 3.47 0.039 
Purple Green 0.04 0.01 1436 3.44 0.044 
Purple Red 0.05 0.01 1437 4.56 <0.001 
Yellow (Intercept) 1.22 0.01 27 144.27 <0.001 
Yellow ΔS -0.01 0.00 1432 -6.39 <0.001 
 
 
Figure 2.4: Effect of the sensed distance (ΔS) between the target stimulus and the grey 
background on the latency before first push for the six colour gradients. Solid lines indicate 
that the interaction was significant. 
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2.5 Discussion 
We performed a behavioural colour discrimination experiment over six colour 
gradients to evaluate whether the predictions made by the RNL model matched the 
behavioural threshold of discrimination.  
Differences in thresholds between colour gradients 
The threshold predicted by the RNL model was close to the actual 
discrimination threshold obtained via the behavioural assessment for four colour 
gradients: red, orange, green and blue. The behavioural thresholds ranged from 
1.40 ΔS to 1.79 ΔS and were all significantly less than 2 ΔS for those four colour 
gradients. At 1 ΔS two stimuli should be just noticeably different, while at 2 ΔS the 
stimuli should be clearly distinguishable. Moreover, the threshold values for those 
four colour gradients were both homogeneous (i.e. no significant difference among 
them) and similar to the behavioural threshold of discrimination obtained from 
another studies on a reef fish (i.e., triggerfish, Champ et al., 2016). This result 
indicates that the RNL model is a valuable way of estimating the ability of a fish to 
distinguish at least some colours. Thus it implies that we could use the RNL model to 
explain colour based behaviour for colours such as red, orange, green or blue area in 
guppy colour space.  
However, two of the colour gradients: purple and yellow showed higher 
thresholds than predicted by the model (2.78 and 3.01 ΔS respectively). Several 
possible reasons might account for these higher behavioural thresholds. 
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First, the RNL model assumes that the standard deviation of the noise 
(numerator of the Weber fraction or υ) is constant across all photoreceptor types (see 
equation 7. in Vorobyev & Osorio, 1998). Because we do not have direct measures of 
the noise associated with each photoreceptor type, studies using the RNL model have 
to estimate the standard deviation (SD) of the noise.  We chose a value of υ = 0.2 to 
be conservative. Using this value, the guppy behavioural threshold is, for most of the 
colours tested, close to the prediction made by the RNL model. However, the 
smaller the υ the larger ΔS becomes (equation 5. in Vorobyev & Osorio, 1998) 
because the lower the noise, the easier it will be to discriminate two stimuli with a 
given physical difference. This would lead to a shift in the sigmoid discrimination 
function towards higher ΔS and ultimately to a higher ΔS threshold as well as a greater 
mismatch with RNL prediction. Thus, the RNL model predicts quite accurately guppy 
colour discrimination on a behavioural level, assuming υ is equal to or slightly above 
0.2.  
In other studies, the values chosen for SD photoreceptor noise (υ) range from 
0.05 in the triggerfish (trichromatic species, Champ et al., 2016) to 0.21 in budgerigars 
and 0.2 chicken (tetrachromatic species, Lind et al., 2014; Olsson et al., 2015). In 
budgerigars, different photoreceptor noise were tested and 0.21 yielded the best 
predictions in their study (Lind et al., 2014). The actual photoreceptor noise can be 
measured using electrophysiological techniques but this has only been done with 
bees and human so far. These studies have shown that bee photoreceptor noise 
depends on photoreceptor spectral sensitivity with values of 0.13, 0.06 and 0.12 for 
the three photoreceptor types (Peitsch 1992, used in Misha Vorobyev & Osorio, 
1998). Moreover, the SD of the noise in a photoreceptor (υ), can vary depending on 
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the intensity of the adapting light. For example, υ varies from 1.5 to 3.5 in bee MWS 
photoreceptors for intensities of -1 and -5 log10 intensity units respectively (Vorobyev 
et al., 2001). Variations in photoreceptor noise highlight the complexity of developing 
models using these parameters. Of course, it would be even more complex if we were 
to account for fluctuating light conditions as occurs in the wild. The accuracy of the 
model could be improved by taking into account different noise parameters for the 
different photoreceptor cell types. Colour processing might be actually dependent on 
how much a colour stimulates each of the photoreceptors which have different 
sensitivity, noise level and vary with the local micro-environment. Unfortunately, this 
information is not available in most species, which highlights the need to calibrate 
the model using behavioural thresholds for any species being studied. 
 
A second reason possible for the mismatch for some colours is that 
behavioural responses could deviate from model predictions because the RNL model 
does not consider colour processing in the brain, which will ultimately influence 
colour perception. Colours occupying different areas in colour space could be 
processed under different pathways both in the retina and brain. Even in the retina, 
some of the initial opponent processing may involve more than two cone classes, as 
in humans (Kremers et al. 2016). The interaction between sensing and memory could 
also increase the thresholds for some colours. Thresholds to approach purple or 
yellow, which are higher than that predicted by the RNL, may therefore result from 
processing in the brain and so act in addition to the limits estimated by the RNL. 
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Third, prior experience could alter the behavioural thresholds. Purple is rarely 
encountered in natural guppy streams, and never in our laboratory populations, and 
therefore it is possible that unfamiliarity with purple colour played a role in producing 
a higher discrimination threshold for this colour gradient, a classical effect of 
neophobia (Marples & Kelly, 2001). This is supported by the fact that the purple 
gradient was the gradient requiring the longest training time. Bright yellow (often 
associated with black) is used as an aposematic signal and individuals of many 
different species either learn to avoid yellow or have innate avoidance of yellow 
(Smith, 1975; 1977; Mappes & Alatalo, 1997; Meinwald et al., 1998; Mappes, Marples 
& Endler, 2005; Wee & Monteiro, 2017). Aposematism and inherent avoidance of 
yellow would explain the high percentage of correct choices for the most contrasted 
stimuli of the yellow gradient; recognising yellow would be important if there were 
costs to eating yellow food which might lead to aversion and hence higher threshold 
for yellow. Given that we trained for a yellow stimulus but yellow may be inherently 
aversive, as yellow saturation decreases the balance between being rewarded for 
yellow and the aversive association with yellow would shift towards aversion as the 
stimulus became more different from the trained yellow. Aversion generalisation is 
limited (Ham et al., 2006). Therefore, guppies would avoid the low contrast yellows 
more than the high contrast yellow (because there were trained exclusively to this 
high contrasted yellow), increasing the threshold above that predicted purely from 
the RNL model.   
Yellow patches are found on the caudal fin when present, but in fact it is rare 
in natural and our laboratory populations. Females could be attracted to males with 
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yellow but only high saturation yellows.  However, no studies have tested the effect 
of the yellow saturation on guppy female preferences. 
 
Finally, the differences in threshold between colour gradients could be 
explained by the ecological relevance of having acute discrimination for some 
colours. Discrimination of the red target stimuli on the grey background led to the 
smallest threshold, and a latency that increase when the difficulty of the trial 
decrease. This is particularly interesting as red has an ecological relevance for the 
guppies. For example, the orange patch, which has been shown to be indicative of 
male quality and attractiveness in some populations (Kodric-Brown, 1989; Houde & 
Torio, 1992; Endler & Houde, 1995; Houde, 1997; Kolluru et al., 2006) is composed of 
both carotenoids and a red pteridine pigment (Grether et al., 2005). Moreover, males 
use more pteridine pigments in their orange patch when the carotenoids availiablilty 
is higher in their environement (Grether et al., 2005). Females prefer males with the 
appropriate orange hue, which is directly related to the ratio of pigment that affect 
male attractiveness (Deere et al., 2012). Thus, fine discrimination abilities between 
different red chromas may be beneficial for females because male colour patch 
saturation is linked to quality and will lead to higher quality offspring.  
Differences in plateau and fish response between colour gradients 
All behavioural data, except for the purple gradient, fit a sigmoid curve with a 
steep slope and a plateau of discrimination. The absence of a plateau for the purple 
gradient could be due to physical pigment limitations of the purple colour stimuli; we 
were not able to create a contrast between the target stimuli and the grey 
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background higher than 3.56 ΔS. This is very small compared to those from the other 
gradients with maxima at 8, 9, 11.9, 6.9, 5.3 ΔS for the red, orange yellow, green and 
blue gradients respectively. This limited the range of sensed differences that we could 
test. As a result, the purple gradient only contained colours that were relatively hard 
to distinguish compared to the other colour gradients. This may have prevented the 
fish from reaching a plateau in which the fish consistently obtained a high percentage 
of correct choices.  It may also have resulted in a poor threshold estimate because 
the responses did not have a sigmoid shape.  
 
Noticeably, the similar plateaus obtained for all colour gradients, except 
purple, indicate that larger chromatic distances do not lead to improvement in 
discrimination. This result supports previous studies in chickens and triggerfish 
(Olsson et al., 2015; Champ et al., 2016). It also reinforces the purpose of the RNL 
which is to give predictions of discrimination for adjacent colours in the animal's 
colour space but not colours located far apart (Vorobyev & Osorio, 1998). Moreover, 
no differences were found either in the plateau or in the shape of the sigmoid curve 
between these colour gradients, which indicates that guppies have similar 
behavioural patterns of discrimination for all colour gradients, indicating similar kinds 
of reactions towards different colours. 
Latency before first disk pushed 
For the yellow and red gradients, the latency before first push increased when 
the task became difficult (decreased ΔS). One possibility could be that guppies 
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actively increase their search for the target disk when the red and yellow target disks 
become less contrasted to the background. Alternatively, guppies detected the less 
contrasted colours as rapidly as the more contrasted colours, but showed lower 
tendency to push the disk, leading to increase of the latency. Both possibilities 
indicate that guppies paid particular attention to those two colour gradients, 
indicating that they could be ecologically relevant. 
Finally, the latency before first push was significantly lower for the purple 
gradient than most of the other colour gradients (Red, Yellow, Green, Blue). 
Interestingly, the training time for the purple stimuli was the longest (see material 
and methods). Moreover, for the same ΔS among the different colour gradients, and 
when ΔS was higher than three, the fish showed more incorrect choices when purple 
stimuli where presented, indicating that purple might either be generally avoided or 
not as easily discriminable. If the guppies did not detect the target stimulus, they 
quickly and carelessly pushed disks leading to lowest latency, and lower percentage 
of correct choice for the purple gradient stimuli. 
Conclusion  
Our results show that guppy behavioural thresholds of colour discrimination 
were close to the predictions made by the RNL model, assuming that the SD of the 
noise in a photoreceptor is superior or equal to 0.2. Thus, together with other results 
on birds, bees, reef fish and humans (also bringing convincing threshold), it seems 
that the RNL model is a good matrix to understand species colour discrimination. 
However, deviations of the model for two of our six colour gradients suggest that 
either the effects of innate behaviours (e.g., neophobia or aposematism), the effect 
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of differential stimulation of the photoreceptor by the colour pattern, or other events 
in the brain, could modify behaviour to be different from that predicted from the RNL 
model. Thus, this study emphasizes that the ecological, experience or fitness-related 
relevance of some colours could affect decision-making in a behavioural context and 
that we can no longer assume that the rules for colour discrimination are 
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2.8 Supplementary material, figures and tables 
Supplementary material 
 
Section S2.1: Training trial 
URL address and QR-code link to the video presenting a training trial 












Figure S2.1: Overview of the experimental set up (S2.1a). The apparatus included six tanks 
(only two shown). A curtain separating the experimenter and the tanks. The right panel 
shows an individual tank divided into an experimental area and a living area. The partition 
includes a sliding door (black polygon), and there is a mirror in the living area sidewall (pale 
rectangle). S2.1b, Irradiance of the Exo-terra Sunray 50W light.    
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Figure S2.2: Spectral reflectance curve of the disks used in each colour gradients obtained with ocean optics USB 2 + F02579 spectrophotometer. Bkg= grey 
background. 
 









Figure S2.3: Enlargement of the stimuli generated for the six colour gradients in the 
tetrahedron of guppy colour vision. (S2.3a) Front view, (S2.3b) top view. The Von Kries 
correction was applied for all cone captures. The large black dot represents the grey 
background and the black cross represents the achromatic point for the guppy visual system.  
 




Figure S2.4: Discrimination threshold for each fish. The threshold is determined as the 
inflection point of the sigmoid curve, except for two purple gradients (upper panel purple: 
T3 BRY and lower panel purple T5 GYB) for which the threshold was determined on the 
polynomial curve. 
 




Figure S2.5: Correlation between the two methods to determine the discrimination 
threshold. Correlation test: R2=0.98, IC95% [0.94; 0.99], t=19.38, df=16, p<0.001. 
y=1.01x+0.011. 
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Supplementary Tables 









Success                                      
For 3 consecutive trials: 
Set Up Examples 
Stage 1 10% 2 The fish orients to the correct 
disk and start eating within 10 sec 
 
Stage 2 20% 2 The fish orients to the correct 
disk and start eating within 10 sec 
Stage 3 30% 2 The fish orients to the correct 
disk and start eating within 10 sec 
 
Stage 4 40% 2 The fish orients to the correct 
disk, give a small push and eat 
Stage 5 50% 2 The fish orients to the correct 
disk, give a small push and eat 
 
Stage 6 60% 2 The fish orients to the correct 
disk, push it and eat 
Stage 7 70% 2 The fish orients to the correct 
disk, push it and eat 
 
Stage 8 80% 2 The fish orients to the correct 
disk, push it and eat 
Stage 9 90% 2 The fish orients to the correct 
disk, push it many times and eat 
Stage 
10 
100% 2 The fish orients to the correct 
disk, push it until dislodge and eat 
Stage 
11 
100% 3 The fish orients to the correct 
disk, push it until dislodge and eat 
Stage 
12 
100% 4 The fish orients to the correct 
disk, push it until dislodge and eat 
Stage 
13 
100% 5 The fish orients to the correct 




100% 6 The fish orients to the correct 
disk, push it until dislodge and eat 
Stage 
15 
100% 7 The fish orients to the correct 




100% 8 The fish orients to the correct 
disk, push it until dislodge and eat 
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Table S2.2: Discrimination thresholds for the six colour categories. The thresholds were 
determined with either the inflection point or the binomial test (40%) methods. The 
individual thresholds were determined for each fish from the curves in Supplementary 
material S2.4, where each colour contrast inside gradient is the number correct choice per 
fish over 10 trials. The single threshold values for each colour gradient were determined from 
the curves from Figure 2.2, where each colour contrast inside gradient is the mean of the 
correct choice from three fish (n=30 trials). 






Threshold  Threshold 
40%  
Threshold  Threshold 
40% Inflection point Inflection point 
Red 
F4 1 1.18 1.16 
1.4 1.33 F3 2 1.37 1.28 
F1 3 1.64 1.55 
Orange 
F2 1 2.05 1.86 
1.79 1.63 F1 2 1.87 1.68 
F6 3 1.38 1.35 
Yellow 
F6 1 3.26 3.23 
3.01 2.89 F5 2 2.76 2.48 
F3 3 3.03 3.14 
Green 
F5 1 1.59 1.44 
1.67 1.75 F4 2 1.81 2 
F2 3 1.42 1.54 
Blue 
F3 1 1.36 1.39 
1.46 1.57 F2 2 1.55 1.67 
F5 3 1.87 1.97 
Purple 
F1 1 3.01 2.7 
2.78 2.9 F6 2 2.31 2.5 
F4 3 3.66 3.58 
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Table S2.3: Effect of the colour category on the percentage of correct choice plateau. P-values 
are Bonferroni corrected for multiple comparisons. β= β coefficient, SE= standard error, Z= z 
value, P= p-value, SD= standard deviation 
  
Colour Gradient pairwise 
comparison 
β SE Z P 
Blue-Purple 7.98 13.00 0.61 1.00 
Green-Purple 12.08 12.75 0.95 1.00 
Yellow-Purple 25.59 12.75 2.01 0.67 
Orange-Purple 30.16 12.49 2.42 0.24 
Red-Purple 30.04 12.49 2.41 0.24 
Green-Blue 4.09 12.49 0.33 1.00 
Yellow-Blue 17.61 12.49 1.41 1.00 
Orange-Blue 22.18 12.75 1.74 1.00 
Red-Blue 22.05 12.75 1.73 1.00 
Yellow-Green 13.52 12.72 1.06 1.00 
Orange-Green 18.09 12.73 1.42 1.00 
Red-Green 17.96 12.73 1.41 1.00 
Orange-Yellow 4.57 12.73 0.36 1.00 
Red-Yellow 4.45 12.73 0.35 1.00 
Red-Orange -0.13 12.72 -0.01 1.00 
Random effects variance  SD n  
Fish 36.88 6.073 6  
Residuals 224.97 14.99   
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Table S2.4: Effect of the colour gradient on the fish response to the behavioural test. P is 
Bonferroni corrected for multiple comparisons. Symbols as in Figure S2.3. 
Intercept colour Variable β SE Z P 
Blue (Intercept) -1.46 0.26 -5.54 <0.001 
Blue ΔS 0.49 0.08 5.89 <0.001 
Blue Green -0.16 0.33 -0.48 1.00 
Blue Orange -0.08 0.42 -0.20 1.00 
Blue Red -0.46 0.35 -1.32 1.00 
Blue Purple -1.37 0.52 -2.66 0.56 
Blue Yellow -0.82 0.41 -2.01 1.00 
Blue ΔS:Green 0.05 0.12 0.39 1.00 
Blue ΔS:Orange 0.37 0.16 2.41 1.00 
Blue ΔS:Red 0.39 0.15 2.58 0.72 
Blue ΔS:Purple 0.38 0.19 2.06 1.00 
Blue ΔS:Yellow 0.08 0.12 0.62 1.00 
Green (Intercept) -1.62 0.23 -6.89 <0.001 
Green ΔS 0.54 0.09 6.24 <0.001 
Green Orange 0.07 0.40 0.18 1.00 
Green Red -0.31 0.33 -0.92 1.00 
Green Purple -1.22 0.50 -2.44 1.00 
Green Yellow -0.66 0.39 -1.67 1.00 
Green Blue 0.16 0.33 0.48 1.00 
Green ΔS:Orange 0.33 0.16 2.08 1.00 
Green ΔS:Red 0.34 0.15 2.25 1.00 
Green ΔS:Purple 0.34 0.19 1.80 1.00 
Green ΔS:Yellow 0.03 0.12 0.24 1.00 
Green ΔS:Blue -0.05 0.12 -0.39 1.00 
Orange (Intercept) -1.54 0.34 -4.52 <0.001 
Orange ΔS 0.87 0.13 6.62 <0.001 
Orange Red -0.38 0.41 -0.92 1.00 
Orange Purple -1.29 0.55 -2.34 1.00 
Orange Yellow -0.73 0.47 -1.56 1.00 
Orange Blue 0.08 0.42 0.20 1.00 
Orange Green -0.07 0.40 -0.19 1.00 
Orange ΔS:r 0.02 0.18 0.09 1.00 
Orange ΔS:Purple 0.01 0.21 0.05 1.00 
Orange ΔS:Yellow -0.30 0.16 -1.88 1.00 
Orange ΔS:Blue -0.37 0.16 -2.41 1.00 
Orange ΔS:Green -0.33 0.16 -2.08 1.00 
Red (Intercept) -1.92 0.26 -7.54 <0.001 
Red ΔS 0.88 0.13 7.00 <0.001 
Red Purple -0.91 0.50 -1.81 1.00 
Red Yellow -0.35 0.41 -0.86 1.00 
Red Blue 0.46 0.35 1.32 1.00 
Red Green 0.31 0.33 0.92 1.00 
Red Orange 0.38 0.41 0.92 1.00 
Red ΔS:Purple 0.00 0.21 -0.02 1.00 
Red ΔS:Yellow -0.31 0.15 -2.04 1.00 
Red ΔS:Blue -0.39 0.15 -2.58 0.72 
Red ΔS:Green -0.34 0.15 -2.24 1.00 
Red ΔS:Orange -0.02 0.18 -0.09 1.00 
Purple (Intercept) -2.83 0.45 -6.29 <0.001 
Purple ΔS 0.88 0.17 5.27 <0.001 
Purple Yellow 0.56 0.55 1.01 1.00 
Purple Blue 1.37 0.52 2.66 0.56 
Purple Green 1.22 0.50 2.44 1.00 
Purple Orange 1.29 0.55 2.34 1.00 
Purple Red 0.91 0.50 1.81 1.00 
Purple ΔS:Yellow -0.31 0.19 -1.64 1.00 
Purple ΔS:Blue -0.38 0.19 -2.06 1.00 
Purple ΔS:Green -0.34 0.19 -1.80 1.00 
Purple ΔS:Orange -0.01 0.21 -0.05 1.00 
Purple ΔS:Red 0.01 0.21 0.03 1.00 
Yellow (Intercept) -2.28 0.34 -6.79 <0.001 
Yellow ΔS 0.57 0.09 6.43 <0.001 
Yellow Blue 0.82 0.41 2.01 1.00 
Yellow Green 0.66 0.39 1.67 1.00 
Yellow Orange 0.73 0.47 1.56 1.00 
Yellow Red 0.35 0.41 0.86 1.00 
Yellow Purple -0.56 0.55 -1.01 1.00 
Yellow ΔS:Blue -0.08 0.12 -0.62 1.00 
Yellow ΔS:Green -0.03 0.12 -0.23 1.00 
Yellow ΔS:Orange 0.30 0.16 1.89 1.00 
Yellow ΔS:Red 0.31 0.15 2.04 1.00 
Yellow ΔS:Purple 0.31 0.19 1.64 1.00   
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Table S2.5: Effect of the colour gradient and ΔS on the latency before first peck. P 
is Bonferroni corrected for multiple comparisons. Symbols as in Figure S2.3. 
Intercept colour Variable β SE DF t P 
Blue (Intercept) 1.19 0.01 28 139.89 <0.001 
Blue ΔS 0.00 0.00 1432 -1.35 1.000 
Blue Green 0.00 0.01 1436 -0.36 1.000 
Blue Orange -0.03 0.01 1407 -3.09 0.148 
Blue Red 0.01 0.01 1432 0.93 1.000 
Blue Purple -0.04 0.01 1426 -3.47 0.039 
Blue Yellow 0.03 0.01 1437 2.80 0.373 
Blue ΔS:Green 0.00 0.00 1432 0.74 1.000 
Blue ΔS:Orange 0.00 0.00 1432 -0.17 1.000 
Blue ΔS:Red -0.01 0.00 1432 -2.50 0.915 
Blue ΔS:Purple 0.00 0.00 1432 1.06 1.000 
Blue ΔS:Yellow 0.00 0.00 1432 -1.60 1.000 
Green (Intercept) 1.19 0.01 19 154.10 <0.001 
Green ΔS 0.00 0.00 1432 -0.47 1.000 
Green Orange -0.02 0.01 1416 -3.01 0.191 
Green Red 0.01 0.01 1432 1.43 1.000 
Green Purple -0.04 0.01 1436 -3.44 0.044 
Green Yellow 0.03 0.01 1435 3.33 0.065 
Green Blue 0.00 0.01 1436 0.36 1.000 
Green ΔS:Orange 0.00 0.00 1432 -1.11 1.000 
Green ΔS:Red -0.01 0.00 1433 -3.80 0.011 
Green ΔS:Purple 0.00 0.00 1432 0.60 1.000 
Green ΔS:Yellow -0.01 0.00 1432 -2.84 0.329 
Green ΔS:Blue 0.00 0.00 1432 -0.74 1.000 
Orange (Intercept) 1.17 0.01 19 150.79 <0.001 
Orange ΔS 0.00 0.00 1432 -2.44 1.000 
Orange Red 0.04 0.01 1415 4.49 0.001 
Orange Purple -0.01 0.01 1436 -1.16 1.000 
Orange Yellow 0.05 0.01 1430 6.14 <0.001 
Orange Blue 0.03 0.01 1407 3.09 0.148 
Orange Green 0.02 0.01 1416 3.01 0.191 
Orange ΔS:Red -0.01 0.00 1433 -3.12 0.131 
Orange ΔS:Purple 0.00 0.00 1432 1.25 1.000 
Orange ΔS:Yellow 0.00 0.00 1432 -1.97 1.000 
Orange ΔS:Blue 0.00 0.00 1432 0.17 1.000 
Orange ΔS:Green 0.00 0.00 1432 1.11 1.000 
Red (Intercept) 1.20 0.01 17 160.17 <0.001 
Red ΔS -0.01 0.00 1433 -7.38 <0.001 
Red Purple -0.05 0.01 1437 -4.56 <0.001 
Red Yellow 0.02 0.01 1435 2.12 1.000 
Red Blue -0.01 0.01 1432 -0.93 1.000 
Red Green -0.01 0.01 1432 -1.43 1.000 
Red Orange -0.04 0.01 1415 -4.49 0.001 
Red ΔS:Purple 0.01 0.00 1432 2.72 0.481 
Red ΔS:Yellow 0.00 0.00 1433 1.45 1.000 
Red ΔS:Blue 0.01 0.00 1432 2.50 0.915 
Red ΔS:Green 0.01 0.00 1433 3.80 0.011 
Red ΔS:Orange 0.01 0.00 1433 3.12 0.131 
Purple (Intercept) 1.15 0.01 63 110.02 <0.001 
Purple ΔS 0.00 0.00 1432 0.45 1.000 
Purple Yellow 0.07 0.01 1436 5.84 <0.001 
Purple Blue 0.04 0.01 1426 3.47 0.039 
Purple Green 0.04 0.01 1436 3.44 0.044 
Purple Orange 0.01 0.01 1436 1.16 1.000 
Purple Red 0.05 0.01 1437 4.56 <0.001 
Purple ΔS:Yellow -0.01 0.00 1432 -2.15 1.000 
Purple ΔS:Blue 0.00 0.00 1432 -1.06 1.000 
Purple ΔS:Green 0.00 0.00 1432 -0.60 1.000 
Purple ΔS:Orange 0.00 0.00 1432 -1.25 1.000 
Purple ΔS:Red -0.01 0.00 1432 -2.72 0.481 
Yellow (Intercept) 1.22 0.01 27 144.27 <0.001 
Yellow ΔS -0.01 0.00 1432 -6.39 <0.001 
Yellow Blue -0.03 0.01 1437 -2.80 0.373 
Yellow Green -0.03 0.01 1435 -3.33 0.065 
Yellow Orange -0.05 0.01 1430 -6.14 <0.001 
Yellow Red -0.02 0.01 1435 -2.12 1.000 
Yellow Purple -0.07 0.01 1436 -5.84 <0.001 
Yellow ΔS:Blue 0.00 0.00 1432 1.60 1.000 
Yellow ΔS:Green 0.01 0.00 1432 2.84 0.329 
Yellow ΔS:Orange 0.00 0.00 1432 1.97 1.000 
Yellow ΔS:Red 0.00 0.00 1433 -1.45 1.000 
Yellow ΔS:Purple 0.01 0.00 1432 2.15 1.000 
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3.1 Abstract 
Visual pigments can vary across the retina in many vertebrates, but the 
behavioural consequences of this retinal heterogeneity are unknown. Guppies 
(Poecilia reticulata) vary dorsoventrally in visual pigments and forage both on the 
ground and at the water surface, exposing different retinal regions to two very 
different visual environments. We tested guppy behaviour towards a moving 
stimulus presented below or above the guppy. We used 12 different narrow-band 
wavelength stimuli matching each of the opsin peak sensitivities presented either at 
the top or the bottom of our experimental apparatus. We analysed behaviours of 50 
male and 50 female guppies over 4800 trials where a moving stimulus pattern was 
presented to each guppy. We found that wavelength, position and speed of the 
stimuli influenced males and females’ behaviour and seems to be mediated by the 
long wavelength sensitive photoreceptors, which are differentially distributed in the 
dorsal and ventral retina. Males also had stronger behavioural responses than 
females whereas females performed more foraging-related pecking behaviour. Our 
results suggest that the spatial requirement of visual tasks and their ecological 
context are important and appear to be partly correlated with photoreceptor 
arrangement in the retina. 
 
Keywords: retinal topography; spectral sensitivity; coloured stimuli; photoreceptors; 
opsins; opsin sex differences 
 
Chapter 3                                                                                                                                   -  85 -  
 
3.2 Introduction 
For visually orientated species, it is essential that retinal function leads to 
efficient processing of images, which is needed to maximise survival and 
reproduction. Species present a high level of diversity in both retinal cells (i.e. cones, 
rods and ganglions) and their arrangement across the retina, showing adaptation to 
environmental and behavioural requirements (Hart, 2001; Temple, 2011). For 
example, in Australian marsupials and reef fishes, it has been shown that the retinas 
of species inhabiting open habitats present a well-defined and elongated horizontal 
streak of photoreceptors or ganglion cells, allowing them to improve their visual 
sampling across the horizon or horizontal surfaces and maximize their predator 
detection. In contrast, species inhabiting densely vegetated areas present a more 
radial and symmetrical cell distribution, allowing a better perception of the position 
of an object across multiple border orientations (Collin & Pettigrew, 1988; Litherland 
& Collin, 2008; Navarro-Sempere et al., 2018). Similarly, the variation in retinal 
spatial arrangement of opsins (light sensitive photopigments) of species inhabiting 
different microenvironments (Litherland & Collin, 2008; Temple et al., 2010), and the 
changes in opsins spectral sensitivity across life stages (Shand et al., 2002), 
correspond to the requirements of differences in light environment, microhabitat 
and behaviours. The number of cone classes (photoreceptors used for colour vision 
and containing specific opsins) also varies greatly between species. Vertebrate 
species range from having one to four photoreceptor classes (Yokoyama & 
Yokoyama, 1996; Osorio & Vorobyev, 2008; Sabbah et al., 2013) and vary in 
photoreceptor relative abundance within the retina (Hart, 2001; Peichl, 2005; 
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Temple, 2011). The rearing light environment also affects variation in retinal 
proportions of cone classes (Shand et al., 2008). 
 
The relative abundance and spatial arrangement of photoreceptors should 
allow species to detect and discriminate coloured objects effectively in their given 
light environments (Bowmaker & Hunt, 2006; Hart, 2001; Levine et al., 1979; Osorio 
& Vorobyev, 2008; Price, 2017; Temple, 2011; Yokoyama & Yokoyama, 1996). 
Although there are known differences in cone distributions between dorsal and 
ventral parts of the retina that appear to be tuned to different light environments 
(Peichl, 2005; Reckel et al., 2001; Rennison et al., 2011), we do not know how it 
affects visual tasks at different visual angles. Moreover, behaviour at different 
viewing angles may influence the evolution and development of photoreceptor cell 
arrangement. For example, viewing objects above the body level will influence 
photoreceptor cells in the ventral retina while viewing objects below the body level 
will influence photoreceptor cells in the dorsal retina. To our knowledge, the effects 
of viewing angle and cone type spatial variation on colour-based behaviours has not 
been investigated under experimentally controlled conditions. Here we report an 
experiment investigating the effects of known dorsal-ventral retinal variation in 
Guppies, Poecilia reticulata (Rennison et al., 2011) on their reactions to coloured 
moving stimuli. 
 
Guppies exhibit differences in cone class distributions between their dorsal 
and ventral retinas (Rennison et al., 2011; Sandkam et al., 2018), forage at the water 
surface as well as the stream bed, and perform diverse colour based behaviours 
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(Houde & Torio, 1992; Houde, 1997; Cole & Endler, 2015a). This makes them an 
excellent model to study the possible association between retinal topography and 
behaviour. Guppies possess nine cone opsin genes coding photopigments, within 
cone photoreceptors with specific wavelengths of peak sensitivity. They possess one 
ultraviolet (SWS1), two short-wavelength (SWS2-A, SWS2-B), two medium 
wavelengths (RH2-1, RH2-2) and four long-wavelength (LWS1, LWS2, LWS3, LWS4) 
sensitive opsins, thus covering a broad range of the light spectrum (See Figure 3.1 for 
details of the spectral sensitivity of each opsin, Kawamura et al., 2016; Kunstner et 
al., 2016; reviewed in Sandkam et al., 2018). Among the nine opsins, one of the 
medium wavelength sensitive (MWS) opsins (Rh2-1) is predominantly expressed in 
the ventral retina while the long wavelength sensitive (LWS) opsins are mainly 
expressed in the dorsal retina (Rennison et al., 2011; reviewed in Sandkam et al., 
2018). In addition, sex-linked differences in opsin distribution have been suggested, 
but evidence is mixed and may differ among wild and laboratory populations (Laver 
& Taylor, 2011; reviewed in Sandkam et al., 2018). 
 
Guppies inhabit shallow clear water streams in tropical rainforest where they 
use colour vision to find food, recognise and choose mates (Endler, 1978; Houde, 
1997).  Depending upon foraging position or sexual displays, guppies view objects 
using different viewing angles in the water column (Krause & Godin, 1996). For 
example, guppies feed on different coloured nutrients such as algae, invertebrates, 
insect larvae, diatoms, small insects and fruit, and these foods differ in relative 
abundance on the stream bed and at the water surface (Houde, 1997; Zandonà et al., 
2011). In addition to having very different visual backgrounds (gravel and litter versus 
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sky and forest canopy), these two viewing angles result in different parts of the retina 
being stimulated by diverse objects. Additionally, male guppies display high colour 
polymorphism (Endler, 1978, 1983) which is used by females to recognise (Eakley & 
Houde, 2004) and assess mates (Cole & Endler, 2015;  Houde & Endler, 1990; Houde 
& Torio, 1992). Males perform courtship displays in front of, and sometimes slightly 
lower than the female, which would direct light towards the centre or dorsal part of 
the retina of the female. It is probable that this combination of behaviours and 
viewing angles has favoured specific cone distributions in the retina for both males 
and females; however, the link between viewing angle, associated behaviours and 
opsin distribution have never been tested experimentally. 
 
To explore the possible relationship between guppy retinal topography and 
the visual angle of a coloured stimulus, we tested the behavioural response of male 
and female guppies to 12 moving narrow-band stimuli presented at the top or the 
bottom of the experimental apparatus, under controlled experimental conditions. 
 
We suggest that, if behavioural responses are different for the same stimuli 
presented both dorsally and ventrally, then this may indicate the presence of 
intraretinal variation tuned to the stimulus, and/or potentially other differences in 
downstream visual processing. Given that guppy LWS opsins are more common in 
the dorsal retina, whereas RH2-1 (MWS opsin) is more common in the ventral retina 
(Rennison et al., 2011; reviewed in Sandkam et al., 2018), we predict that (1) 
wavelengths that stimulate LWS opsins should lead to a stronger behavioural 
response when stimuli are presented at the bottom of the aquarium, which 
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stimulates the dorsal retina, compared to when the same stimuli are presented at 
the top of the aquarium, which stimulates the ventral retina. (2) In contrast, for the 
wavelengths that stimulate both the Rh2-1 and LWS2 opsins, we predict two possible 
outcomes depending upon the relative sensitivity or responsiveness 
(phototransduction speed) of RH2-1 and LWS2: (a) if LWS2 responsiveness and 
sensitivity are greater than RH2-1 then we predict a stronger response on the bottom 
compared to the top, (b) if RH2-1 responsiveness and sensitivity are greater than 
LWS2 then we predict a stronger behavioural response when stimuli are presented 
at the top compared to the bottom. (3) There should be no differences in wavelength-
specific behaviour for light stimulating the cone types found evenly throughout the 
guppy retina. (4) Male and female behaviours could differ, due to different 
requirements of their colour-based behaviours, and possible differences in opsin 
distributions. 
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3.3 Material and Methods 
3.3.1 Animal husbandry 
We used guppies from a laboratory population descended from an 
established (90+years) feral guppy population in Alligator Creek, Bowling Green Bay 
National park, Queensland (19°26.79’S 146°58.65’E). The fish were kept under 
laboratory conditions since 2011; approximately 28 overlapping generations. They 
were fed once a day with flake food (Tropical flake, Aqua One) and twice a week with 
brine shrimp (Artemia cysts, INVE Aquaculture). The laboratory was illuminated by 
high-frequency fluorescent lamps following a 12-hour light-dark cycle  (see Kranz et 
al., 2018 for details). 
 
To control for fish age, we caught 200 fry from our stock tanks between 2-4 
weeks of age, and separated them in a 196-litre glass tank. After one year, 100 adults: 
50 males and 50 females were randomly selected for the experiment. 
 
A week before the start of the experiment, we placed each fish into a single 
two litre tank. This allowed us to identify each individual and allowed the fish to 
acclimate to confinement. To avoid excess stress due to isolation, we aligned the 
transparent tanks next to one another so that fish could see the neighbouring fish.  
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3.3.2 Experimental apparatus and stimuli 
Our trials investigated behaviour towards coloured stimuli projected through 
the front wall of the test tank onto one of two acrylic plates inclined at an angle of 
13° from the horizontal and mounted on the top or bottom of a 200 x 250 x 185mm 
glass aquarium (Figure 3.2a). The surfaces of the two plates were covered with a 
sheet of laminated white chalk powder, with a flat reflectance at 85% for all 
wavelengths from 330 to 700nm.  
 
The coloured stimuli were generated by a broad spectrum lamp source (300 
to 750nm, ABET technologies, Inc., Milford CT USA). Eleven 10nm Bandpass Filters 
(Edmund Optics) were placed separately in the light beam.  We also presented the 
unfiltered light as an additional stimulus; for simplicity, we refer to the unfiltered light 
as “white” for the rest of this paper. Nine of the filters were selected because they 
matched the peak sensitivity (λmax) of one of the guppy opsins: 350, 360, 410, 436, 
467, 515, 532, 540 and 568 nm. Two additional filters were outside of the range of 
guppy opsin peak sensitivities: 330 and 676, and the white light covered the entire 
wavelength range (Figure 3.1).   
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Figure 3.1. Guppy opsin spectral sensitivity and narrow-band filters selected. Filters selection, 
depend on Opsin peak of sensitivity. Narrow-band filters are indicated by the grey lines and 
their individuals band-pass numbers above the lines. The bandwidth of each filter was 10 nm 
but this is not shown on this graph to make it more easy to understand.The opsin SWS2A, 
with a peak of sensitivity at 438nm is not represented here because of its very low transcript 
abundance (Sandkam et al. 2018).  
 
A neutral density wheel in the light path was used to set the intensity of each 
colour stimulus to 6.86±0.04 μmol photons m-1 sec-1 (mean ± SE; details for each 
stimulus in Table S3.1). Prior to the start of the experiment, we measured each 
stimulus spectrum inside the experimental apparatus with a calibrated sensor (Ocean 
Optics, USB 2000+ and a UV-VIS fibre optic cable and cosine-corrected receptor), and 
marked the position of the neutral density wheel needed for approximately identical 
total irradiance for each of the 12 stimuli. Thus, 12 equally intense stimuli were 
presented to the fish during each experimental session (Table S3.1). 
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We controlled the movement of the stimulus using a mirror attached to two 
stepper motors (Figure 3.2a). The mirror reflected the stimulus onto either the top 
or bottom plate and the computer-controlled movements of the mirror allowed us 
to generate specific stimulus motion patterns and speeds on either plate. The motor 
control movements were generated by a MATLAB program (writen by JAE) 
communicating through a USB cable to a Phidget21 stepper motor controller. The 
mirror was made out of finely polished aluminium (3mm thick-6000 series aluminium 
alloy, mirror finish treatment), and had a flat 95% reflectance from 300 to 700nm. To 
control the size of the light beam, two quartz lenses were placed upstream of the 
mirror (Figure 3.2a). The beam of light was 4mm in diameter on the plates.  
 
The stimulus movement lasted for one minute in each trial. The stimulus 
moved at two different speeds during a trial: "fast" (17.7 mm.s-1) and "slow" (3.47 
mm.s-1), both within the natural range of food speeds in the wild. The stimulus 
movement pattern was as follows: fast movement during the first 18 seconds of the 
trial, slow movement during the next 38 seconds, and finally, fast for the remaining 
4 seconds. The starting and finishing stimulus position was at the centre back of the 
tank (Figure 3.2b. black circle). The fast movement traced a rectangle joining the two 
front corners and the middle of the plate. The slow movement traced a diamond 
shape within the rectangle (see Figure 3.2b. for the illustration of the pattern). The 
speed and movement patterns were designed for the stimulus to cover the largest 
possible area on the plate, but also as a compromise between the area that the 
stimulus covers and the amount of time required to move at both speeds (fast: 
390mm in 18 seconds, slow: 132mm in 38 seconds, Figure 3.2b). 
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3.2a  
3.2b                                       
Figure 3.2. Side view (3.2a) and overhead view (3.2b) of the experimental apparatus.  Optical 
components: 1, light source;  2, neutral density filter wheel;   3, narrow band filter;  4, quartz 
collimating lenses; 5 front-surface mirror; 6 motor and motor control electronics (connected 
to a computer with a USB cable); 7 top and bottom white chalk covered plates on which 
stimulus is projected. The stimulus in 3.2a is shown projected onto the lower plate. The 
movement path followed by each displayed stimulus is shown in 3.2b: black circle: origin and 
arrival position for each stimulus; dotted line: fast movement path at the start of the trial; 
dashed line: slow movement path; thin plain line: fast movement path at the end of the trial. 
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3.3.3 Experimental design 
The experiment was conducted over two months. Each month 50 guppies (25 
males and 25 females) were tested. An overview of the experimental design can be 
found in the supplementary material, Figure S3.1. 
 
Each guppy experienced four experimental sessions, one per week, over four 
consecutive weeks. During each session, 12 stimuli were presented sequentially to 
the fish, with a one-minute break between each stimulus.  We used a combination of 
invariant and random stimuli order. In the first month, all fish experienced the same 
order of presentation of the stimuli in the first two weeks (invariant order: 410, 515, 
330, 676, white, 540, 467, 350, 568, 436, 360 and 532 nm) and a random order in the 
following two weeks. In the second month, all fish experienced a random order in the 
first two weeks and the invariant order in the following two weeks (Figure S3.1, Table 
S3.2a). 
 
We altered the position of the stimulus between the top and bottom plates 
in order to stimulate differentially the lower or upper parts of the guppy's retina, 
respectively. The stimulus was projected on the top plate during two sessions and on 
the bottom plate for two sessions. We alternated the stimulus position in a Latin 
Square order (Figure S3.1).  During the first month, the stimulus was presented to the 
fish on the top plate on the first and third week and on the bottom plate in the second 
and fourth week.  In the second month, the stimulus was presented to the fish in the 
bottom on the first and third week and the top in the second and fourth week. 
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We tested five males and five females each day. Because opsin expression 
varies diurnally in a circadian rhythm (Halstenberg et al., 2005; Johnson et al., 2013), 
each individual was tested at the same time every week. We defined five-time 
intervals of one hour during the middle of the day to limit the effects of temporal 
variation in opsin expression (Table S3.2b). Time categories were: “a” = 9:30-10:30 
am, “b” = 10:30 -11:30 am, “c” = 11:30 am - 12:30 pm, “d” = 2:00 - 3:00 pm and “e” = 
3:00 - 4:00 pm. During the first month, at each time category, we tested a female for 
the first half an hour and a male for the second half an hour and reversed the sex 
order in the second month.  
 
At the start of each experimental session, we placed the fish gently into the 
experimental apparatus for five minutes acclimation before the first colour stimulus 
was presented. All trials were recorded with two cameras, one on the front of the 
experimental apparatus (frontal) and one on the side (lateral). The trials were 
conducted by two investigators, A.S. and M.L.K. (Appendix 1). While one investigator 
controlled the MATLAB program, the other recorded the behaviours of the fish. This 
allowed us to have a precise record of the fish movements. On the initial presentation 
of each stimulus, the investigator controlling the MATLAB program would say ‘start’ 
so that it was audible in the video replay. We fed the fish once daily with flake food 
after they had been in the trials. 
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3.3.4 Data collection 
Because the same stimulus movement pattern and timing was used in all 
trials, we were able to know the exact movement of the human-invisible UV stimulus 
from the recorded start time. This allowed us to accurately record the behaviours 
directed towards the UV stimulus even though we could not see it. The fish 
identification label was presented to the video camera at the end of each trial, 
allowing us to analyse the videos blind to the fish identity.  
 
All videos were analysed once the experiment ended and in random order. 
Videos from both cameras (lateral and frontal) were used to assess fish behaviours 
and cross-checked with the live observations. The computer monitor was set to a 
grey gradient when analysing the videos in order to make the observer blind to the 
stimulus wavelength during behaviour recording. Five wavelengths were not 
detectable in the videos: the UV wavelengths, 330 nm, 350 nm, 360 nm as well as 
410 nm and 676 nm. For those wavelengths, a drawing of the pattern based upon a 
visible stimulus was made on a transparency and taped to the computer screen. We 
then used a timer and the auditory commentary of the video to follow the exact 
position of the stimulus during the entire trial and record the fish behaviour 
accordingly. 
 
We used two variables to describe fish behaviour. We assessed either the 
propensity of the guppy to give any behavioural response or the intensity of the 
behavioural response. The propensity is a Boolean variable meaning that either the 
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fish reacted to the stimulus or not. The intensity is the type of behaviour performed 
by the fish, estimating the degree of reaction to the stimulus. Six ranked categorical 
intensities were recorded; from the lowest to the highest intensity: no behaviours 
(No), semi-orientation (SO), orientation (O), small movement (SM), movement (M), 
following (F), i.e. tracking); see Table S3.3 for detailed behaviour descriptions. We 
analysed intensity in terms of ranked categories and not as a numerical variable 
because it would be invalid to assume that these intensity categories fall on a linear 
scale. For example, we cannot affirm that movement (M) is two times more intense 
or costly for the guppies than orientation (O). We also recorded if the behaviours 
occurred during slow or fast stimulus movement, whether the fish pecked at the 
stimulus, and whether the fish showed any sign of stress by being still or erratic. We 
also recorded when the fish was looking at the mirror through the glass tank, which 
only happened in 0.8% of the trials and was therefore not included in further analysis. 
 
We treated pecking behaviour differently than other behaviours because it 
indicates not only a strong interest in a stimulus, but also that the individual 
associates the stimulus with a potential food item. The other behaviours were treated 
separately from pecking because it is impossible to know if a given non-pecking 
response (e.g. orientation, movement, etc.) is due to surprise, curiosity or food-like 
attraction. 
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3.3.5 Data analysis 
Data from 94 fish (47 males and 47 females) over 376 experimental sessions 
for each of the 12 wavelengths were analysed (4512 trials total). Five fish died during 
the final week of the experiment due to unknown causes, and one fish did not 
perform any behaviour during any of the trials. Consequently, we excluded these six 
of the original 100 fish from the analysis. For each wavelength, in half of the 376 trials 
stimuli were displayed at the top and half were at the bottom position. Half of the 
376 trials involved females and half were males. 
3.3.6 Statistical analysis 
All statistical analyses were performed in R (version 4.3.3, R Core team 2013) 
with R Studio (version 0.99.8, R Studio 2016). All tests were conducted with alpha = 
0.05. 
 
Controlling the effect of time category and order of wavelength presentation on the 
fish behaviour 
Prior to running further analyses, we tested the effects of time category and 
the order in which the stimuli were presented on propensity. We only tested order 
effects for the trials in which the stimuli were presented in random order, because 
when the order was invariant each order position was associated with a specific 
wavelength (Table S3.2) and differences in responses between specific order pairs 
would be consistent, but not due to the order.  We used a generalised linear mixed 
model, using glmer (R package lme4, Bates et al., 2014), with a binomial family and 
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individual ID as a random factor. Propensity was a binary response variable with “Y” 
being any behavioural response given during a trial, and “N” no behavioural response 
given during a trial. We used either time category or stimulus display order as the 
explanatory variable (fixed factors). As time category and displayed order have 5 and 
12 levels respectively, we ran a post hoc analysis to control for multiple comparisons 
using the glht function and Holm-Bonferroni adjustment (R package multcomp, 
Hothorn et al., 2017). We found no significant effect of time category on the 
propensity of guppies to display any behaviour towards any of the 12 stimuli (all 
p>0.05, Table S3.4, Figures S3.2a, S3.2b). We found no significant effect of the order 
of wavelength presentation on the propensity of behavioural response (all p>0.05, 
except for a difference between order 4 and 5 p=0.026, Figure S3.3, Table S3.5).  
We also tested the effect of time and stimulus presentation order (for the 
random order) on the intensity of the behavioural response using a cumulative mixed 
model clmm (R package Ordinal, Christensen, 2018) with Laplace approximation and 
fish ID as a random factor. We used behaviour intensity as the response variable and 
time category or stimulus display order as the explanatory variable. We run post hoc 
analysis to control for multiple comparisons using the lmeans function (Tukey 
adjustment, R package emmeans, Lenth et al., 2018). We did not find any significant 
effect of time on the intensity of guppy behavioural response to the stimulus (Table 
S3.6). We did not find any significant effect of the order of wavelength presentation on 
the intensity of guppy behavioural response (all p>0.05, except for a difference between 
order 4 and 5 p=0.019 , Table S3.7).  
The absence of a significant effect of both time and order (except for one 
transition: less than 10% of the trials) on the fish propensity and intensity of 
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behaviour indicates that these variables were correctly controlled in the 
experimental design. Consequently, we omitted those variables in the remaining 
analyses. 
 
Effect of wavelength on the propensity of the guppy to perform any behaviour 
To test for effects of wavelength on the propensity to perform any behaviour, 
we used a generalised linear mixed model, glmer (R package lme4, Bates et al., 2014), 
with a binomial family and individual ID as a random factor. We used the binary 
response variable with “Y” being any behavioural response given during a trial (SO, 
O, SM, M, F), and “N” for no behavioural response given during a trial. We used 
stimulus wavelengths as explanatory variables (fixed factors). We ran a post hoc 
analysis to control for multiple comparisons using the glht function and Holm-
Bonferroni adjustment (R package multcomp, Hothorn et al., 2017).  
 
Effect of sex and displayed position of the stimuli on the propensity of the guppy to 
perform any behaviour 
To test the effect of sex (females/males) and position (top/bottom) on the 
propensity of the guppy to perform any behaviour towards the stimuli, we used the 
R function glmer with the binomial family and individual ID as a random factor (R 
package lme4, Bates et al., 2014). For each wavelength, the binomial behaviour was 
the response variable. Sex, position of the stimulus and the first order interaction 
between sex and position were fixed factors. We performed a backward elimination 
of non-significant effects of generalised linear mixed effects model and compared 
 
Chapter 3                                                                                                                                   -  102 -  
 
models using the AIC criteria. We kept the model with the smallest AIC value for each 
elimination step. 
 
Effect of sex and displayed position of the stimuli on behavioural response intensity 
To test the effect of sex and position on the intensity of the behavioural 
response (e.g. ranked categorical variable: orientation, movement, following, etc.) 
we performed cumulative linked mixed models (i.e. CLMMs) using the R function 
clmm2 (package ordinal, Christensen, 2018). CLMMs allow handling of multinomial 
ordinal data with random effects. We used clmm2 with adaptive Guass-Hermite 
quadrature approximation (number of quadrature points=3). For each wavelength, 
the categorical variable intensity was the response variable. The model took into 
consideration that the behaviour categories were ordered in terms of behavioural 
intensity: semi-orientation< orientation< small-movement< movement< following. 
Sex, position of the stimulus and the first order interaction between sex and position 
were the explanatory variables (fixed factors). Individual ID was added as random 
factor. We performed a backward elimination of non-significant effects of 
generalised linear mixed effects model and compared models using the AIC criteria. 
We kept the model with the smallest AIC value at each elimination step. 
 
 
Chapter 3                                                                                                                                   -  103 -  
 
Effect of moving stimulus speed, sex and display position on behavioural response 
intensity  
We tested if stimulus speed had an effect on behaviour intensity, only when 
fish had responded to the stimulus. Three speed categories were defined: the fish 
behavioural response to the stimulus was performed either during the slow stimulus 
speed, during the fast speed or during both slow and fast speeds. We excluded fish 
with no behavioural responses from this analysis because the absence of behaviour 
may be due to factors other than stimulus speed. We performed multinomial 
analyses, clmm2 (cumulative linked mixed models, R package ordinal, Christensen, 
2018) for each of the 12 stimuli. For each wavelength, categorical behaviour intensity 
was the ordinal response variable and sex, stimulus position, stimulus speed and 
interaction between sex and position were explanatory variables (fixed effects). We 
performed a backward elimination of non-significant effects of generalised linear 
mixed effects model and compared models using the AIC criteria. We kept the model 
with the smallest AIC value in each elimination step. 
 
Effect of sex, display position and speed of the moving stimuli on pecking behaviour 
To assess the effect of wavelength, display position, speed and sex on pecking 
behaviour (food association response to the stimuli), we excluded fish with no 
behavioural responses from this analysis because the fish needed to show a 
behavioural response to the stimuli in order to peck at it. Pecking was a binary 
response variable with “Y” indicating that a pecking event occurred at least once 
during a trial, and “N” no pecking event occurred during a trial. 
 
Chapter 3                                                                                                                                   -  104 -  
 
Wavelength effect was tested with glmer (family binomial, individual ID as 
random factor) and glht, Holm-Bonferroni adjustment post hoc (see previous 
paragraph for details). The binomial variable Pecking was the response variable and 
wavelength the explanatory variable. 
The effect of the displayed position of the stimulus, stimulus speed and the 
individual sex on pecking behaviour was tested with a generalised linear mixed 
models, glmer (R package lme4, Bates et al., 2014), with binomial family and 
individual ID as random factor. For each wavelength, the binomial variable Pecking 
response was the response variable. Sex, position, speed of the moving stimuli and 
the interaction between sex and position were the explanatory variables (fixed 
effects). We ran a post hoc analysis to control for multiple comparisons using the glht 
function and Holm-Bonferroni adjustment (package multcomp, Hothorn et al., 2017). 
We performed a backward elimination of non-significant effects of generalised linear 
mixed effects model and compared models using the AIC criteria. We kept the model 
with the smallest AIC value. 
3.3.7 Ethical Note 
The methods adhered to the ASAB/ABS Guidelines for the Use of Animals in 
Research and were carried out in accordance with the Code of Ethics of the World 
Medical Association (Declaration of Helsinki). This experiment was conducted under 
Deakin University’s Animal Ethics Committee approval number G11-2015. All 
individuals were handled with the highest care to minimise stress. During the 
experiment, the water quality (pH, KH and ammonia) was controlled weekly to 
insured the best husbandry condition for the fish.  
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3.4 Results 
We first describe how stimulus wavelength affected individual behaviour. 
Then we show tests of the effect of sex and position on (1) the propensity of the fish 
to perform a behavioural response (binary variable) and (2) the intensity of the 
behavioural response (ordered categorical variable). Finally we describe the effect of 
sex, position and speed of the stimulus, on intensity and on a food associated 
response, pecking behaviour. 
3.4.1 Effect of wavelength on the propensity of the guppy to perform any 
behaviour 
The stimulus wavelength had a significant effect on the propensity of the 
guppy to display any behaviour. For wavelengths between 330 and 467 nm, the fish 
responded to the stimuli fewer than 100 times (50 - 88) over 376 trials.  For 515 to 
676 nm responses were more than 100 (123 - 215) over 376 trials. 102 responses 
were given to the white stimulus. Overall, guppies gave significantly less behavioural 
response to the shorter wavelengths than the longer wavelengths (Figure 3.3; See 
Table S3.8 for significances and Figure S3.4 for intensities at each wavelength). 
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Figure 3.3: Propensity of guppy to give a behavioural response to the stimuli according to its 
wavelength. 
 
3.4.2 Effect of sex and display position of the stimuli on propensity of the guppy 
to perform any behaviour 
Guppies showed significantly more behavioural responses to the moving 
stimuli when presented at the bottom plate for half of the wavelengths tested: 330, 
410, 436, 467, 515, 568 nm and white (Table 3.1, Figure 3.4a). Males showed higher 
response propensity when 350, 436, 532 and 540 nm stimuli were presented (Table 
3.1, Figure 3.4b). For 350, 532 and 540 nm stimuli, there was a significant interaction 
between the effect of sex and position on the propensity to perform any behavioural 
response: males significantly increased their propensity to respond when the 
stimulus was presented at the bottom compared to the top plate, while position had 
no effect on the propensity of females to respond (Table 3.1, Figure 3.4c).
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Table 3.1: Effect of sex and position on the propensity of guppies to give a behavioural response. Dash indicates variables removed during model selection with AIC. 
β= β coefficient, SE= standard error, Z= z value, P= p-value, SD= standard deviation. 
 
  
 Fixed effects      Random effects 
 Intercept Position Sex Position:Sex Fish ID, n=94 
 β SE Z P β SE Z P β SE Z P β SE Z P variance SD 
330 -1.86 0.31 -5.94 <0.001 -1.06 0.33 -3.21 0.001 0.66 0.35 1.92 0.055 - - - - 0.42 0.65 
350 -1.85 0.32 -5.71 <0.001 0.00 0.42 0.00 1.000 1.13 0.38 2.97 0.003 -1.32 0.58 -2.28 0.022 0.06 0.24 
360 -2.06 0.24 -8.68 <0.001 - - - - - - - - - - - - 0.71 0.84 
410 -1.53 0.24 -6.36 <0.001 -1.11 0.34 -3.26 0.001 - - - - - - - - 0.30 0.54 
436 -1.57 0.26 -5.95 <0.001 -0.83 0.28 -2.91 0.004 0.75 0.29 2.57 0.010 - - - - 0.13 0.36 
467 -0.73 0.17 -4.37 <0.001 -1.14 0.27 -4.25 <0.001 - - - - - - - - 0.11 0.32 
515 -0.19 0.27 -0.69 0.493 -1.11 0.26 -4.32 <0.001 0.55 0.35 1.55 0.120 - - - - 1.41 1.19 
532 -0.43 0.24 -1.77 0.076 -0.15 0.31 -0.47 0.636 1.01 0.35 2.90 0.004 -1.79 0.47 -3.78 <0.001 0.44 0.66 
540 -0.60 0.23 -2.58 0.010 -0.20 0.32 -0.63 0.529 0.82 0.32 2.55 0.011 -0.93 0.45 -2.07 0.038 0.21 0.46 
568 0.79 0.17 4.67 <0.001 -0.94 0.22 -4.23 <0.001 - - - - - - - - 0.16 0.40 
676 -1.00 0.20 -4.97 <0.001 - - - - 0.40 0.27 1.49 0.136 - - - - 0.43 0.66 
White -0.82 0.23 -3.56 <0.001 -0.77 0.25 -3.09 0.002 0.18 0.28 0.64 0.524 - - - - 0.43 0.66 
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3.4a  3.4b  
3.4c  
Figure 3.4: Effect of position (3.4a), sex (3.4b), and their interaction (3.4c), on the propensity 
of guppies to give a behavioural response. Propensity is measured by the number of trials 
where guppies responded to a given stimulus.
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3.4.3 Effect of sex and display position of the stimuli on behavioural response 
intensity 
There was a significant effect of position on intensity of behaviour. When the 
330, 410, 436, 467 and 515, and 568 nm and white stimuli were presented at the top 
plate, the fish performed significantly lower intensity behaviours compared to the 
bottom (Table 3.2, Figure 3.5a, Figure S3.5a, for details of the effect of position on 
categorical intensity, see Figure S3.5b, for details of the intensity ranked order see 
material and methods). 
 
We also observed a significant effect of sex on the behavioural intensity. For 
330, 350, 436, 532 and 540 nm stimuli, females performed significantly more low-
intensity behaviours while males performed significantly more high-intensity 
behaviours (Table 3.2, Figure 3.5b, Figure S3.6a, for details of the effect of sex on the 
categorical intensity, see Figure S3.6b). At 350, 532 and 540 nm this sex effect was 
led by the stimuli presented at the bottom of the apparatus (significant interaction 
Table 3.2). At 350 and 540 nm there was no significant interaction between the sex 
of the guppies and the behavioural intensity when the stimulus was presented at the 
top of the apparatus. At 532 nm the males tend to show a higher number of low-
intensity behaviours and females higher number of high-intensity behaviours. 
 
Figure 3.5 shows an overview of the effect of position (3.5a) and sex (3.5b) on 
the average behaviour intensity, when intensity is considered as a numerical rather 
than a rank variable for illustrative purposes. The statistical analyses were performed 
on the categories of intensity rather than numerical intensities because we cannot 
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assume that the scale of is linear (see material and methods). For details of the 
statistical effect of sex and position on the categorical intensity, see Figures S3.5b and 
S3.6b. 
 
Table 3.2: Effect of sex and position on the ranked categorical intensity of guppies’ 
behavioural response. Dash indicates variables removed during model selection with AIC.    
β= β coefficient, SE= standard error, Z= z value, P= p-value, SD= standard deviation. 
 Fixed effects Random effects  
  Position Sex Position : Sex Fish ID 
  β SE Z P β SE Z P β SE Z P variance  SD 
330 -1.03 0.33 -3.16 0.002 0.68 0.33 2.04 0.041 - - - - 0.31 0.56 
350 0.01 0.42 0.01 0.990 1.06 0.37 2.91 0.004 -1.20 0.57 -
2.10 
0.035 1.7*10-7 4.1*10-4 
360 - - - - - - - - - - - - 0.60 0.77 
410 -1.08 0.34 -3.17 0.002 - - - - - - - - 0.25 0.50 
436 -0.78 0.28 -2.79 0.005 0.76 0.29 2.62 0.009 - - - - 0.13 0.37 
467 -1.14 0.27 -4.26 <0.001 - - - - - - - - 0.13 0.35 
515 -1.14 0.23 -5.03 <0.001 - - - - - - - - 1.10 1.05 
532 -0.29 0.30 -0.98 0.329 0.75 0.31 2.39 0.017 -1.44 0.44 -
3.30 
0.001 0.40 0.63 
540 -0.18 0.31 -0.59 0.554 0.88 0.33 2.67 0.008 -1.06 0.44 -
2.42 
0.015 0.51 0.71 
568 -0.78 0.20 -4.00 <0.001 - - - - - - - - 0.31 0.55 
676 0.42 0.23 1.85 0.064 - - - - - - - - 0.79 0.89 
White -0.73 0.24 -2.99 0.003 - - - - - - - - 0.47 0.68 
 
 




Figure 3.5. Effect of the displayed position of the stimulus (3.5a) and sex (3.5b) on the average 
ranked intensity of the guppies’ behavioural response when considered as a numerical 
variable (mean ± SE). For simplicity purposes this graph used numerical values (from Table 
S3.3) for each intensity category; 0=no behaviour, 0.5=semi-orientation, 1=orientation, 
2=small movement, 3=movement, 4= following. We used the categorical intensity in the 
statistical test rather than these numerical values because we do not know whether the 
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3.4.4 Effect of moving stimulus speed, sex and display position on behavioural 
response intensity 
Only trials where the fish performed a behavioural response were used for 
the effect of speed on intensity analyses. Therefore, less behaviours contained in the 
response variable “behavioural response intensity” were analysed in this section 
compared to the previous section because the “no interest” behavioural response 
was excluded. The speed of the stimulus had a significant effect on intensity. At 515, 
and 568 nm stimuli, the individuals performed higher intensity behaviour when the 
stimuli moved faster in the apparatus compared to when the movement was slower 
(Table 3.3). 
 
As in the previous section, stimulus position and sex also significantly affected 
intensity. When the 360 nm stimulus was presented to the guppies, they performed 
significantly lower intensity behaviour when it was displayed at the bottom of the 
apparatus and significantly higher intensity behaviours when the stimulus was 
presented at the top (Table 3.3). When the 515 nm stimulus was presented to the 
guppies, they performed significantly higher intensity behaviour when it was 
displayed at the bottom of the apparatus and significantly lower intensity behaviours 
when the stimulus was presented at the top (Table 3.3). Also at 515 nm, the females 
showed higher intensity behaviour than the males (Table 3.3).In this analysis the 
effects of position and sex on behavioural response intensity were significant for a 
lower number of wavelenghts, which could be due to the absence of the behavioural 
category “no interest”.   
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Table 3.3. Effect of position, sex and stimulus speed, on the intensity of behaviour. Pair comparisons of the three speeds are indicated on the right column of the 
fixed effect “Speed” were S=slow movement, F=fast movement, Both=both fast and slow (i.e. the fish behave during both slow and fast movement during the trial).  
Dash indicates variables removed during model selection with AIC. β= β coefficient, SE= standard error, Z= z value, P= p-value, SD= standard deviation. 
 Fixed effects Random effects 
 Position Sex Position:Sex Speed Fish ID 
 β SE Z P β SE Z P β SE Z P β SE Z P  variance SD 
330 - - - - - - - - - - - - - - - - - 1.64*10-6 1.28*10-3 
350 0.83 0.48 1.73 0.084 - - - - - - - - - - - - - 2.70*10-7 5.20*10-4 
360 1.44 0.67 2.15 0.032 - - - - - - - - - - - - - 0.98 0.99 
410 - - - - - - - - - - - - - - - - - 6.85*10-7 8.27*10-4 
436 - - - - - - - - - - - - - - - - - 0.70 0.84 
467 -0.90 0.62 -1.46 0.145 -0.46 0.50 -0.93 0.353 1.90 0.91 2.08 0.037 
-0.70 0.48 -1.47 0.142 S-F 
3.68*10-7 6.07*10-4 1.15 0.57 2.01 0.044 S-Both 
-1.85 0.62 -2.97 0.003 Both-F 
515 -2.04 0.47 -4.35 <0.001 -0.90 0.39 -2.33 0.020 1.76 0.62 2.84 0.005 
1.03 0.38 2.68 0.007 S-F 
5.32*10-10 2.31*10-5 0.59 0.46 1.28 0.199 S-Both 
0.43 0.37 1.16 0.245 Both-F 
532 - - - - - - - - - - - - 
0.72 0.39 1.84 0.066 S-F 
0.09 0.29 1.01 0.45 2.24 0.025 S-Both 
-0.29 0.37 -0.77 0.444 Both-F 
540 - - - - - - - - - - - - - - - - - 0.09 0.30 
568 - - - - - - - - - - - - 
1.15 0.42 2.73 0.006 S-F 
0.12 0.35 1.32 0.45 2.95 0.003 S-Both 
-0.17 0.28 -0.61 0.541 Both-F 
676 0.59 0.39 1.50 0.133 - - - - - - - - 
-0.32 0.47 -0.69 0.490 S-F 
1.03 1.02 0.98 0.51 1.91 0.056 S-Both 
-1.30 0.48 -2.69 0.007 Both-F 
White - - - - - - - - - - - - - - - - - 0.38 0.62 
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3.4.5 Effect of sex, display position and speed of the moving stimuli on pecking 
behaviour 
Guppies pecked significantly more at the longer (515 to 676nm) than at the 
white and the shrter wavelengths (330 to 467nm) stimuli. Guppies pecked 
significantly more often at the 568 and 676 nm than the 515, 532, and 540 nm stimuli 
(p<0.001, Table S3.9). No significant differences were found between 568 and 676 or 
among 515, 532 and 540 nm (Table S3.9). 
 
We tested the effect of displayed position, speed of the stimulus and sex on 
the pecking behaviour for the longer wavelength stimuli only (515 to 676 nm). The 
515 nm stimulus was pecked significantly more by females when it was displayed at 
the bottom of the apparatus (Table S3.10, Figure S3.7a). The 676 nm stimulus was 
pecked significantly more when it was displayed at the top of the apparatus (Table 
S3.10, Figure S3.7b). For the other longer wavelengths (532, 540 and 568 nm), we did 
not find any significant effect of the position of the stimulus or sex on pecking 
behaviour. 
 
Chapter 3                                                                                                                                   -  115 -  
 
3.5 Discussion 
We tested how the spatial display and speed of 12 narrow band wavelength 
moving stimuli affect male and female guppy behavioural responses. We found that 
(1) fish had a higher propensity to give a behavioural response toward longer 
(>500nm) than shorter (<500nm) wavelengths; (2) stimulus speed affected the 
behavioural response intensity for the wavelengths stimulating opsins found in the 
double cones; (3) behavioural spectral sensitivity was different for stimuli presented 
above or below the fish; and (4) there were some differences between male and 
female responses to the stimuli 
 
 
Effect of wavelength on fish behaviour 
The displayed stimulus wavelengths had a significant effect on guppy 
behaviour. Fish directed more behaviour towards the longer wavelength stimuli.  For 
brevity, we refer to stimuli above 500nm (515, 532, 540, 568, 676 nm) as “longer 
wavelengths” and stimuli below 500nm (330, 350, 360, 410, 436, 467 nm) as “shorter 
wavelengths”. One possible reason for this stronger response to longer wavelengths 
could be that guppies associate longer wavelengths with objects of interest, 
stimulating a positive response such as to food or potential mates. This could be 
innate or learned. Their food reflects mostly long wavelengths. Most algae reflect 
wavelengths from 500 nm to 700 nm with a trough around 670nm and peaks of 
reflectance centred around 550 and 700nm (strongly affected by the chlorophyll 
reflectance spectrum, Rundquist et al., 1996; Gitelson et al., 1999). Guppies also 
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prefer carotenoid-rich food and macroinvertebrates, which reflect wavelengths from 
525 nm to infra-red. Additionally, both the flake food and brine shrimp nauplii that 
we fed the fish reflect more long than short wavelengths. Moreover, carotenoid-
based patches on the male sexual colour pattern, strongly reflect above 500 or 
600nm (yellow or orange), are used by the females to assess male quality, and are 
preferred by females in some populations (Houde & Endler, 1990; Houde & Torio, 
1992). However, strong response to longer wavelengths are most likely explained by 
foraging behaviour given that both males and females showed the same response 
pattern for the pecking behaviour, with significantly more pecking at longer than at 
shorter wavelengths. This result also matches findings from a previous foraging study 
in which fish responded more frequently to a long wavelength stimulus than to a 
short wavelength stimulus (Cole & Endler, 2015b). The stronger behavioural response 
for longer wavelengths support the hypothesis that stimuli were perceived as food 
source, which could be beneficial for the focal individual and suggests that the 
behaviour is ecologically relevant. Moreover, the double cones could also play a role 
in the behavioural responses obtained in this study because they tend to be most 
sensitive to longer wavelengths (Lythgoe, 1979; Campenhausen & Kirschfeld, 1998). 
Both foraging and double cone properties could explain the stronger response to 
longer wavelengths obtained in our experiment. 
 
 Double cones play multiple roles in vision (e.g. luminance, polarisation and 
even colour vision in some species; Osorio & Vorobyev, 2005; Pignatelli et al., 2010; 
Marshall & Cronin, 2011) and notably tend to be involved in motion detection 
(Boehlert, 1978; Lythgoe, 1979; Schaerer & Neumeyer, 1996; Campenhausen & 
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Kirschfeld, 1998). This may also explain, at least partially, the effect of the stimulus 
speed on the fish behavioural response for some specific wavelengths. Guppies 
showed more intense responses to 515 and 568 nm stimuli when they were moving 
at fast speed compared to slow speed. In contrast, for the other 10 wavelengths there 
were no differences in behavioural response intensity related to speed. The 515 and 
568 nm stimuli match the peak opsin spectral sensitivity of LWS2 (estimated λmax=516 
nm), RH2-1 (estimated λmax=516 nm), LWS3 (estimated λmax=519 nm) and LWS1 
(estimated λmax=562 nm), respectively (Kawamura et al., 2016).  Both, LWS1 and 
LWS3 are very common across guppy retinas and are associated with the MWS opsin 
RH2-1 in the double cones (Sandkam et al., 2018). The important role that double 
cones play in motion detection in many species (Boehlert, 1978; Lythgoe, 1979; 
Schaerer & Neumeyer, 1996; Campenhausen & Kirschfeld, 1998) suggests that our 
findings are consistent with an important role that these specific opsin-containing 
photoreceptors may play not only in colour vision, but also in motion detection. We 
infer that the multi functionality of guppy double cones translates into visual 
behaviours that are linked to both colour and movement. 
 
 
Effect of stimulus position on fish behaviour 
The display position (top or bottom) of the stimulus had a significant effect on 
male and female propensity and intensity to respond to the stimuli. 
Surprisingly, the white and shorter wavelength stimuli (except for 360 nm) led 
to a higher propensity and more intense responses at the bottom plate. This result 
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was unexpected because the opsins stimulated by these wavelengths are found 
homogeneously throughout the retina (Rennison et al., 2011). However, there are 
other possible explanations. First, the dorsal retina of guppies is very likely more 
sensitive to light stimulation. In their natural environment guppies experience much 
higher light intensity coming from the water surface through Snell's window than 
from the stream bed. The ventral retina could therefore be adapted to permanent 
stimulation by higher light intensity than the dorsal retina (Kunz & Wise, 1978). This 
would lead to weaker responses when any wavelength stimulus was presented at the 
top compared to the bottom plate. Another possibility is that moving stimuli 
presented at the top of the apparatus is relatively less relevant to the fish and 
therefore generated weaker behavioural responses. Although guppies also react to 
small objects falling onto the water surface in the wild, this is likely to be a much less 
frequent and less abundant food source than algal growth on the substrate. Finally, 
during courtship males display in front or slightly below the females in the water 
column and have UV, blue, and violet coloured patches in addition to orange and 
yellow. Thus, it could be an advantage for females to have a high sensitivity and 
respond to short wavelength information displayed from below. Combined with the 
long wavelength male patches, short wavelength patches could give additional 
information about male quality, given that they are used in mate choice (Cole & 
Endler, 2015a). 
 
For all longer wavelength stimuli, except 676 nm, guppies had a higher 
propensity to give a behavioural response, and gave higher intensity responses when 
the stimuli were presented on the bottom plate. The 676 stimulus response was 
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probably weak because 676nm is relatively far from the LWS max so few photons are 
captured.  As for the shorter wavelengths, foraging behaviour could explain the 
stronger behavioural response for stimuli displayed on the bottom plate. However, 
those behavioural differences for position were significantly greater for the longer 
wavelengths than for the shorter wavelength, probably because guppies gave more 
behavioural response at those wavelengths. This result matches with our 
expectations that the wavelengths (515, 532, 540 and 568 nm) stimulating LWS 
opsins (predominantly expressed in the dorsal retina, Rennison et al., 2011; Sandkam 
et al., 2018) would generate a higher number and more intense responses when 
presented at the bottom of the experimental apparatus due to cone spatial 
distribution in the retina. In contrast, the MWS opsin RH2-1 was found predominantly 
expressed on the ventral part of the retina (Rennison et al., 2011; Sandkam et al., 
2018). RH2-1 opsin has a peak sensitivity estimated at 516 nm, when measured via in 
vitro expression (Kawamura et al., 2016) and is closest to the 532 nm guppy cone cell 
classes identified from MSP studies (reviewed in Kawamura et al., 2016; and Sandkam 
et al., 2018). Consequently, we would have expected a higher propensity and a higher 
intensity of responses when the stimuli 515 or 532 nm were presented at the top of 
the apparatus. However, this did not occur. On the other hand, the LWS2 opsin shows 
the same peak spectral sensitivity as RH2-1 and is found predominantly on the dorsal 
retina. Therefore, the behavioural responses to stimulation of the LWS2 opsin by the 
532nm stimulus may mask any spatial effects of RH2-1. 
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Differences in behaviour between males and females 
For two stimuli 532 and 540 nm, we found an interaction between sex and 
stimulus position on the propensity and intensity of behavioural response. Our data 
shows that this interaction was principally driven by males; males showed higher 
propensity and intensity towards the 532 and 540 nm stimuli when these stimuli were 
displayed on the bottom. Interestingly, Laver & Taylor (2011) suggested that 
differences of opsin expression between males and females occurred in LWS3 (S180) 
expression levels. Double cones containing MWS and LWS opsins possess a λmax 
between 525.4 and 548 (see Table 1 in Sandkam et al., 2018). One possibility is that 
the difference between males and females raised from the presence of LWS3 in the 
double cones. Thus, we suggest that the behavioural difference between males and 
females obtained in our experiment could be associated with sexual differences in 
LWS 3 opsin expression.  
 
While males showed overall higher propensity and intensity of behavioural 
response towards the moving stimulus, females performed significantly more 
pecking than males for the 515 and 676 nm stimuli. At 515 nm females significantly 
pecked more at the stimuli displayed at the bottom of the apparatus. At 676 nm they 
predominantly pecked stimuli presented at the top, although this difference was not 
significant. Therefore, both position and colour of the displayed stimulus affected 
food-related pecking behaviour. The 515 nm stimulus could be associated to a 
chlorophyll rich food (because it is strongly reflected by chlorophyll) that guppies 
might be more likely to find on the benthic layer of the stream (Reiter & Carlson, 
1986) while the 676 nm stimulus could be associated to a carotenoid-rich food which 
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might be available in higher levels of the water column, for example rainforest insects 
and fruit dropping onto the water surface. Finally, there was no significant effect of 
the fast versus the slow speed of the moving stimuli on the pecking response. 
However, pecking behaviour occurred during the trials reinforcing our design for 
speeds being within a natural range. The lack of effect of speed on pecking behaviour 
suggests that guppies are adaptable to different flow rates, which vary in different 
parts of the same stream. Stream flow rate would be faster in wet seasons than in 




In conclusion, our results show that (1) different coloured stimuli elicit 
different behavioural responses in fish, (2) the colour, position and speed of the 
stimuli affect the behavioural responses of guppies and (3) these three factors 
influence the behaviour of males and females in different ways. Our results can be 
partly explained by differences in the functions and spatial arrangement of the 
photoreceptor cells in the retina. The more intense behaviour of the fish towards 
longer wavelengths (>500 nm) possibly reflects the function of the double cones in 
both colour and motion detection. Differences in the behaviour of the fish towards 
the different positions of the longer wavelength stimuli are consistent with spatial 
differences in LWS opsins in the dorsal versus ventral retina. Differences between the 
sexes may reflect proposed differences in opsin expression in the retina of males and 
females. Not all of our results can be explained by retinal physiology and probably 
reflect interactions between the visual system and ecological factors such as mate 
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choice and foraging. For example, sex differences in pecking response, with males 
having a higher general propensity and intensity of non-pecking behaviours, while 
pecking behaviour was mostly performed by females, may be due to differences in 
foraging habits between males and females. Perhaps food is more important to 
females who have to mature young, and male-male interactions drives their different 
intensity responses to stimuli. Together these results suggest that the geometry of 
visual tasks and their ecological context are at least partly associated with the 
photoreceptor layout in the retina. 
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Figure S3.1. Randomisation of trials and wavelength presented in Latin squared order 
 




Figure S3.2: Effect of time category on response to stimuli for all trials and wavelength 
(S3.2a), and for each wavelength (S3.2b). A generalised linear mixed model (binomial 
distribution and fish ID as random factor) did not show any significant effect of the time 
category on the propensity to show any behaviour (Table S3.4). 
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Figure S3.3: Effect of wavelength order on propensity to perform any behaviour. For the 
random order only, where the WL (wavelengths) were not associated with a specific order 
(see Table S3.2a). Order refers to the successive presentation (presentation rank) of 
wavelength stimuli during a trial. There was no effect of the order on the propensity of a fish 
to perform any behaviour (except for the difference between position 4 and 5, Table S3.5).  
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Figure S3.4:  Frequencies of each behaviour at each wavelength. 
 




 S3.5b  
Figure S3.5. Effect of displayed stimulus position on behaviour intensity. S3.5a: Dark shade 
of each colour: top. Light shade of each colour: bottom. S3.5b: Relative effect of position on 
intensity of guppies’ behavioural response. Only significant effect are represented. 
Wavelength is indicated in the top right corner of each panel. Intensities of behaviour: No=no 
behaviour, SO=semi-orientation, O=orientation, SM=semi movement, M=movement, 
F=following. 
 





Figure S3.6. Effect of sex on behaviour intensity. S3.6a. Dark shade of each colour: male. Light 
shade of each colour: female. S3.6b: Relative effect of sex on intensity of guppies’ 
behavioural response. Wavelength is indicated in the top right corner of each panel. Only 
significant effect are represented. Intensities of behaviour: No=no behaviour, SO=semi-
orientation, O=orientation, SM=semi movement, M=movement, F=following. 
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3.7a   
3.7b  
Figure S3.7. Effect of display position (3.7a) and sex (3.7b) on pecking behaviour. 
 
 






Table S3.1. Total intensity of stimulus light created with each narrow band filter and after 
equalization with the neutral density filter wheel.  qt measured from 300 to 700 nm (values 
from 310 to 700 nm are kept due to high noise between 300 and 310 nm) with a 
spectrophotometer Ocean optics USB 2000+ a UV-VIS fibre optic cable and a calibrated 
irradiance sensor, for details see Endler (1990). 
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Table S3.2. 3.2a. Wavelengths displayed during a trials were either presented in the same 
order (i.e., INVARIANT) or in a Latin squared order (i.e., RANDOM). wh=white. 3.2b. Time of 
RANDOM order presentation. 
3.2a 
PRESENTATION 
 INVARIANT  RANDOM 
ORDER  A  B C D E F G H I J K L M 
1  410  410 330 350 360 436 467 515 532 540 568 676 wh 
2  515  350 568 410 wh 330 676 436 515 436 360 350 467 
3  330  532 wh 532 568 410 410 676 467 360 436 515 350 
4  676  360 436 467 436 568 wh 350 676 410 330 360 540 
5  wh  540 350 360 515 540 568 540 436 676 515 330 360 
6  540  676 532 540 350 350 330 wh 360 532 676 540 568 
7  467  wh 410 676 532 360 515 360 568 330 532 436 410 
8  350  467 360 330 410 515 436 568 410 wh 410 467 436 
9  568  515 515 436 540 676 532 330 350 515 wh 532 532 
10  436  568 467 515 330 467 350 467 wh 568 467 410 676 
11  360  330 676 wh 467 wh 540 532 540 350 540 568 330 




Time  Monday Tuesday Wednesday Thursday Friday 
a 9:30 am to 10:30 am  B D F H M 
b 10:30am  to 11:30 am  C E G I K 
b  11:30 am to 12:30 pm  D F H J L 
d  2:00 pm  to 3:00 pm  B G I K M 
e 3:00 pm to 4:00 pm  C E J L B 
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Table S3.3. Behavioural definitions. The corresponding behaviour codes were recorded 
during the spectral sensitivity trials.  These are cumulative behaviours (example: if 4 is 





Not interested 0 
Swim without orientating or following 
Or Still or erratic behaviour (indicated in Stress Intensity) 
Semi-orientation 0.5 
Fish stays in the exact same position but orientates to face the 
stimulus partway (angle of 90-0 degrees from the stimulus)  
Orientation 1 
Completely (a full turn) can move a tiny bit if due to 
orientation movement (max 1cm) 
Small movement 2 Any movement towards the stimulus from 1 to 3 cm 
Movement 3 Any movement towards the stimulus more than 3cm 
Following 4 
Actively following the stimulus = changes direction with the 
stimulus. 
Mirror M Looks/moves towards the mirror 
  Stress Intensity 
No Stress NA The fish display normal behaviour without any sign of stress 
Erratic E 
Very fast swimming with disorganised movement and sudden 
and repetitive change of orientation. Mainly happened 
vertically in the tank or against the wall/corner. 
Still S 
No movement for most of the trial (50seconds or more) can 
move very slowly(on the bottom of the tank) sits in 
corner/bottom of the tank 
  Pecking 
No pecking 0 No pecking 
Pecking 1 
The fish pecked at the stimulus or within a 6mm radius from 
the centre of the stimulus (if missed during movement). 
Mirror pecking MP Pecking at the glass in the direction of the mirror 
  Behaviour Occurrence 
During slow S During slow motion of the stimulus 
During slow and fast Both During slow and fast motion of the stimulus 
During fast F During fast motion of the stimulus 
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Table S3.4. Effect of time category on response to stimuli for all trials and wavelength. 
Generalised linear mixed model (binomial distribution and fish ID as random factor) did not 
show any significant effect of the time category on the propensity to show any behaviour. 
glmer (package lme4, Bates et al., 2014) and post hoc analysis to control for multiple 
comparisons using the glht function and Holm-Bonferroni adjustment (package multcomp, 




Fixed effect     Random effect: Fish ID 
time categories β SE Z P variance SD n 
b-a -0.27 0.27 -1.01 1.00 0.72 0.85 94 
c-a -0.54 0.30 -1.81 0.71     
d-a -0.44 0.29 -1.51 1.00     
e-a -0.28 0.29 -0.96 1.00     
c-b -0.26 0.28 -0.95 1.00     
d-b -0.17 0.28 -0.59 1.00     
e-b 0.00 0.28 -0.01 1.00     
d-c 0.10 0.30 0.33 1.00     
e-c 0.26 0.29 0.89 1.00     
e-d 0.16 0.28 0.59 1.00     
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Table S3.5. Effect of the order of wavelength presentation on the propensity of the guppy to 
perform any behaviour, when the wavelengths were presented in a random order between 
trials. Order refers to the successive presentation of wavelength stimuli during a trial (See 
Table S3.2a). Results from Generalised linear mixed model (binomial distribution and fish ID 
as random factor) with post hoc analysis to control for multiple comparisons using Holm-
Bonferroni adjustment. Symbols as in Table S3.4. 
Fixed effect     Random effect: Fish ID 
order # β SE Z P variance SD n 
2-1 0.03 0.24 0.12 1.000 0.85 0.92 94 
3-1 0.17 0.24 0.72 1.000     
4-1 -0.37 0.25 -1.49 1.000     
5-1 0.49 0.23 2.10 1.000     
6-1 0.30 0.23 1.30 1.000     
7-1 0.14 0.24 0.60 1.000     
8-1 -0.15 0.24 -0.61 1.000     
9-1 0.22 0.24 0.95 1.000     
10-1 0.28 0.23 1.18 1.000     
11-1 0.38 0.23 1.64 1.000     
12-1 0.03 0.24 0.12 1.000     
3-2 0.14 0.24 0.60 1.000     
4-2 -0.40 0.25 -1.61 1.000     
5-2 0.46 0.23 1.98 1.000     
6-2 0.28 0.23 1.18 1.000     
7-2 0.11 0.24 0.48 1.000     
8-2 -0.18 0.24 -0.73 1.000     
9-2 0.20 0.23 0.83 1.000     
10-2 0.25 0.23 1.06 1.000     
11-2 0.36 0.23 1.53 1.000     
12-2 0.00 0.24 0.00 1.000     
4-3 -0.54 0.24 -2.20 1.000     
5-3 0.32 0.23 1.39 1.000     
6-3 0.14 0.23 0.59 1.000     
7-3 -0.03 0.23 -0.12 1.000     
8-3 -0.32 0.24 -1.32 1.000     
9-3 0.05 0.23 0.24 1.000     
10-3 0.11 0.23 0.47 1.000     
11-3 0.22 0.23 0.93 1.000     
12-3 -0.14 0.24 -0.60 1.000     
5-4 0.86 0.24 3.55 0.026     
6-4 0.67 0.24 2.77 0.362     
7-4 0.51 0.24 2.08 1.000     
8-4 0.22 0.25 0.88 1.000     
9-4 0.59 0.24 2.43 0.933     
10-4 0.65 0.24 2.65 0.494     
11-4 0.75 0.24 3.10 0.124     
12-4 0.40 0.25 1.61 1.000     
6-5 -0.18 0.23 -0.81 1.000     
7-5 -0.35 0.23 -1.51 1.000     
8-5 -0.64 0.24 -2.70 0.440     
9-5 -0.27 0.23 -1.16 1.000     
10-5 -0.21 0.23 -0.92 1.000     
11-5 -0.10 0.23 -0.46 1.000     
12-5 -0.46 0.23 -1.98 1.000     
7-6 -0.16 0.23 -0.70 1.000     
8-6 -0.45 0.24 -1.90 1.000     
9-6 -0.08 0.23 -0.35 1.000     
10-6 -0.03 0.23 -0.12 1.000     
11-6 0.08 0.23 0.35 1.000     
12-6 -0.28 0.23 -1.18 1.000     
8-7 -0.29 0.24 -1.21 1.000     
9-7 0.08 0.23 0.35 1.000     
10-7 0.14 0.23 0.59 1.000     
11-7 0.24 0.23 1.05 1.000     
12-7 -0.11 0.24 -0.48 1.000     
9-8 0.37 0.24 1.56 1.000     
10-8 0.43 0.24 1.79 1.000     
11-8 0.53 0.24 2.25 1.000     
12-8 0.18 0.24 0.73 1.000     
10-9 0.05 0.23 0.23 1.000     
11-9 0.16 0.23 0.70 1.000     
12-9 -0.20 0.23 -0.83 1.000     
11-10 0.11 0.23 0.46 1.000     
12-10 -0.25 0.23 -1.06 1.000     
12-11 -0.36 0.23 -1.53 1.000     
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Table S3.6: Effect of time category on the behaviour intensity. Cumulative mixed model 
(Laplace approximation and fish ID as random factor) did not show any significant effect of 
the time category on the intensity of the behavioural response. clmm (package ordinal, 
Christensen et al. 2015) and post hoc analysis to control for multiple comparisons using the 
lmeans function (tukey adjustment, package emmeans, Lenth et al. 2018). Symbols as in 
Table S3.4. 
 
Fixed effect     Random effect: Fish ID 
time categories β SE Z P variance SD n 
a-b -0.30 0.26 -1.13 0.79 0.70 0.84 94 
a-c -0.53 0.29 -1.81 0.37     
a-d -0.44 0.29 -1.53 0.54     
a-e -0.23 0.28 -0.81 0.93     
b-c -0.23 0.27 -0.85 0.91     
b-d -0.14 0.28 -0.51 0.99     
b-e 0.07 0.27 0.24 1.00     
c-d 0.09 0.29 0.31 1.00     
c-e 0.30 0.29 1.03 0.84     
d-e 0.21 0.27 0.76 0.94     
 
 
Chapter 3                                                                                                                                   -  140 -  
 
Table S3.7: Effect of the order of wavelength presentation on the behaviour intensity. Order 
refers to the successive presentation of wavelength stimuli during a trial (See Table S3.2a). 
Cumulative mixed model (Laplace approximation and fish ID as random factor) did not show 
significant effects of the order effect on the intensity of the behavioural response except 
between the categories 4 and 5. clmm (package ordinal, Christensen et al. 2015) and post 
hoc analysis to control for multiple comparisons using the lmeans function (tukey 
adjustment, package emmeans, Lenth et al. 2018). Symbols as in Table S3.4. 
Fixed effect     Random effect: Fish ID 
order # β SE Z P variance SD n 
1-2 0.02 0.23 0.10 1.000 0.79 0.89 94 
1-3 0.21 0.23 0.95 0.999     
1-4 -0.30 0.24 -1.24 0.986     
1-5 0.53 0.22 2.40 0.408     
1-6 0.36 0.22 1.63 0.900     
1-7 0.15 0.23 0.64 1.000     
1-8 -0.19 0.23 -0.80 1.000     
1-9 0.27 0.22 1.20 0.989     
1-10 0.32 0.23 1.41 0.963     
1-11 0.36 0.22 1.63 0.899     
1-12 0.07 0.23 0.31 1.000     
2-3 0.19 0.23 0.85 1.000     
2-4 -0.32 0.24 -1.34 0.975     
2-5 0.50 0.22 2.29 0.488     
2-6 0.34 0.22 1.52 0.936     
2-7 0.12 0.23 0.54 1.000     
2-8 -0.21 0.23 -0.90 0.999     
2-9 0.25 0.23 1.09 0.995     
2-10 0.29 0.23 1.30 0.980     
2-11 0.34 0.22 1.52 0.936     
2-12 0.05 0.23 0.21 1.000     
3-4 -0.51 0.24 -2.17 0.576     
3-5 0.31 0.22 1.45 0.954     
3-6 0.15 0.22 0.68 1.000     
3-7 -0.07 0.22 -0.31 1.000     
3-8 -0.40 0.23 -1.75 0.847     
3-9 0.05 0.22 0.25 1.000     
3-10 0.10 0.22 0.46 1.000     
3-11 0.14 0.22 0.67 1.000     
3-12 -0.14 0.22 -0.64 1.000     
4-5 0.83 0.23 3.56 0.019     
4-6 0.66 0.24 2.81 0.175     
4-7 0.44 0.24 1.86 0.783     
4-8 0.11 0.24 0.46 1.000     
4-9 0.57 0.24 2.40 0.405     
4-10 0.61 0.24 2.60 0.280     
4-11 0.66 0.23 2.83 0.169     
4-12 0.37 0.24 1.54 0.929     
5-6 -0.16 0.21 -0.77 1.000     
5-7 -0.38 0.22 -1.76 0.842     
5-8 -0.71 0.22 -3.18 0.065     
5-9 -0.26 0.22 -1.20 0.989     
5-10 -0.21 0.22 -0.98 0.998     
5-11 -0.17 0.21 -0.80 1.000     
5-12 -0.46 0.22 -2.09 0.633     
6-7 -0.22 0.22 -0.99 0.998     
6-8 -0.55 0.23 -2.41 0.397     
6-9 -0.10 0.22 -0.43 1.000     
6-10 -0.05 0.22 -0.22 1.000     
6-11 0.00 0.22 -0.02 1.000     
6-12 -0.29 0.22 -1.32 0.977     
7-8 -0.33 0.23 -1.43 0.957     
7-9 0.12 0.22 0.56 1.000     
7-10 0.17 0.22 0.77 1.000     
7-11 0.21 0.22 0.98 0.998     
7-12 -0.07 0.23 -0.33 1.000     
8-9 0.45 0.23 1.99 0.701     
8-10 0.50 0.23 2.19 0.554     
8-11 0.55 0.22 2.43 0.389     
8-12 0.26 0.23 1.11 0.994     
9-10 0.05 0.22 0.22 1.000     
9-11 0.09 0.22 0.42 1.000     
9-12 -0.20 0.22 -0.88 0.999     
10-11 0.04 0.22 0.20 1.000     
10-12 -0.25 0.22 -1.10 0.995     
11-12 -0.29 0.22 -1.31 0.978     
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Table S3.8: Effect of the wavelength on the propensity of the guppy to give a behavioural 
answer. Results from Generalised linear mixed model (binomial distribution and fish ID as 
random factor) with post hoc analysis to control for multiple comparisons using Holm-
Bonferroni adjustment. Symbols as in Table S3.4. 
Fixed effect     Random effect: Fish ID 
Wavelength β SE Z P variance SD n 
350-330 0.3 0.21 1.46 1 0.92 0.96 94 
360-330 -0.02 0.22 -0.11 1    
410-330 -0.1 0.22 -0.45 1    
436-330 0.34 0.21 1.66 1    
467-330 0.67 0.2 3.33 0.021    
515-330 1.64 0.19 8.6 <0.001    
532-330 1.61 0.19 8.39 <0.001    
540-330 1.49 0.19 7.75 <0.001    
568-330 2.4 0.19 12.46 <0.001    
676-330 1.2 0.19 6.2 <0.001    
WHITE-330 0.89 0.2 4.53 <0.001    
360-350 -0.33 0.21 -1.57 1    
410-350 -0.4 0.21 -1.9 0.957    
436-350 0.04 0.2 0.2 1    
467-350 0.36 0.19 1.91 0.957    
515-350 1.34 0.18 7.4 <0.001    
532-350 1.3 0.18 7.18 <0.001    
540-350 1.18 0.18 6.51 <0.001    
568-350 2.1 0.18 11.49 <0.001    
676-350 0.9 0.18 4.89 <0.001    
WHITE-350 0.59 0.19 3.15 0.038    
410-360 -0.07 0.22 -0.34 1    
436-360 0.37 0.21 1.76 1    
467-360 0.69 0.2 3.44 0.015    
515-360 1.67 0.19 8.68 <0.001    
532-360 1.63 0.19 8.47 <0.001    
540-360 1.51 0.19 7.84 <0.001    
568-360 2.43 0.19 12.53 <0.001    
676-360 1.22 0.19 6.3 <0.001    
WHITE-360 0.92 0.2 4.63 <0.001    
436-410 0.44 0.21 2.09 0.652    
467-410 0.76 0.2 3.75 0.005    
515-410 1.74 0.2 8.93 <0.001    
532-410 1.7 0.2 8.73 <0.001    
540-410 1.58 0.2 8.1 <0.001    
568-410 2.5 0.2 12.72 <0.001    
676-410 1.3 0.2 6.58 <0.001    
WHITE-410 0.99 0.2 4.94 <0.001    
467-436 0.32 0.19 1.71 1    
515-436 1.3 0.18 7.23 <0.001    
532-436 1.26 0.18 7.01 <0.001    
540-436 1.14 0.18 6.33 <0.001    
568-436 2.06 0.18 11.35 <0.001    
676-436 0.86 0.18 4.7 <0.001    
WHITE-436 0.55 0.19 2.95 0.066    
515-467 0.98 0.17 5.68 <0.001    
532-467 0.94 0.17 5.45 <0.001    
540-467 0.82 0.17 4.74 <0.001    
568-467 1.74 0.17 10 <0.001    
676-467 0.53 0.18 3.05 0.051    
WHITE-467 0.23 0.18 1.26 1    
532-515 -0.04 0.16 -0.24 1    
540-515 -0.16 0.16 -0.98 1    
568-515 0.76 0.16 4.7 <0.001    
676-515 -0.44 0.16 -2.71 0.135    
WHITE-515 -0.75 0.17 -4.48 <0.001    
540-532 -0.12 0.16 -0.73 1    
568-532 0.8 0.16 4.94 <0.001    
676-532 -0.41 0.16 -2.47 0.257    
WHITE-532 -0.71 0.17 -4.24 <0.001    
568-540 0.92 0.16 5.64 <0.001    
676-540 -0.29 0.16 -1.74 1    
WHITE-540 -0.6 0.17 -3.52 0.011    
676-568 -1.2 0.17 -7.29 <0.001    
WHITE-568 -1.51 0.17 -8.92 <0.001    
WHITE-676 -0.31 0.17 -1.8 1    
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Table S3.9. Effect of the stimulus wavelength on the pecking behaviour. Results from 
Generalised linear mixed model (binomial distribution and fish ID as random factor) with post 
hoc analysis to control for multiple comparisons using Holm-Bonferroni adjustment. Symbols 
as in Table S3.4. 
Fixed Effect     Random effect: Fish ID 
Wavelength β SE Z P variance SD n 
350-330 16.40 80.66 0.20 1.000 0.70 0.83 94 
360-330 0.35 111.40 0.00 1.000    
410-330 16.05 80.65 0.20 1.000    
436-330 0.37 74.79 0.01 1.000    
467-330 0.05 124.88 0.00 1.000    
515-330 17.60 80.65 0.22 1.000    
532-330 16.97 80.65 0.21 1.000    
540-330 17.43 80.65 0.22 1.000    
568-330 19.06 80.65 0.24 1.000    
676-330 19.23 80.65 0.24 1.000    
WHITE-330 14.76 80.66 0.18 1.000    
360-350 -16.05 157.06 -0.10 1.000    
410-350 -0.35 0.95 -0.37 1.000    
436-350 -16.03 115.76 -0.14 1.000    
467-350 -16.34 162.27 -0.10 1.000    
515-350 1.20 0.65 1.85 1.000    
532-350 0.57 0.68 0.84 1.000    
540-350 1.04 0.66 1.57 1.000    
568-350 2.66 0.62 4.28 0.001    
676-350 2.83 0.63 4.47 <0.001    
WHITE-350 -1.64 1.18 -1.39 1.000    
410-360 15.70 157.06 0.10 1.000    
436-360 0.02 136.10 0.00 1.000    
467-360 -0.30 151.28 0.00 1.000    
515-360 17.25 157.06 0.11 1.000    
532-360 16.62 157.06 0.11 1.000    
540-360 17.08 157.06 0.11 1.000    
568-360 18.71 157.06 0.12 1.000    
676-360 18.88 157.06 0.12 1.000    
WHITE-360 14.41 157.06 0.09 1.000    
436-410 -15.68 115.76 -0.14 1.000    
467-410 -15.99 162.27 -0.10 1.000    
515-410 1.55 0.77 2.00 1.000    
532-410 0.92 0.80 1.16 1.000    
540-410 1.38 0.78 1.77 1.000    
568-410 3.01 0.75 4.00 0.004    
676-410 3.18 0.76 4.16 0.002    
WHITE-410 -1.29 1.25 -1.03 1.000    
467-436 -0.32 149.84 0.00 1.000    
515-436 17.23 115.76 0.15 1.000    
532-436 16.60 115.76 0.14 1.000    
540-436 17.06 115.76 0.15 1.000    
568-436 18.69 115.76 0.16 1.000    
676-436 18.86 115.76 0.16 1.000    
WHITE-436 14.39 115.76 0.12 1.000    
515-467 17.54 162.27 0.11 1.000    
532-467 16.91 162.27 0.10 1.000    
540-467 17.38 162.27 0.11 1.000    
568-467 19.01 162.27 0.12 1.000    
676-467 19.17 162.27 0.12 1.000    
WHITE-467 14.70 162.27 0.09 1.000    
532-515 -0.63 0.39 -1.60 1.000    
540-515 -0.16 0.36 -0.45 1.000    
568-515 1.46 0.29 5.00 <0.001    
676-515 1.63 0.32 5.13 <0.001    
WHITE-515 -2.84 1.04 -2.73 0.341    
540-532 0.47 0.41 1.14 1.000    
568-532 2.09 0.35 5.99 <0.001    
676-532 2.26 0.37 6.07 <0.001    
WHITE-532 -2.21 1.06 -2.09 1.000    
568-540 1.63 0.31 5.20 <0.001    
676-540 1.79 0.34 5.33 <0.001    
WHITE-540 -2.67 1.05 -2.56 0.557    
676-568 0.17 0.25 0.67 1.000    
WHITE-568 -4.30 1.02 -4.20 0.002    
WHITE-676 -4.47 1.03 -4.33 0.001    
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Table S3.10: Effect of sex, display position and speed of the moving stimuli on pecking behaviour. Pair comparisons of the three speeds are indicated on the right 
column of the fixed effect “Speed” were S=slow movement, F=fast movement, Both=both fast and slow (i.e. the fish behave during both slow and fast movement 
during the trial).  Dash indicate variables removed during model selection with AIC. Symbols as in Table S3.4. 
  Fixed effects  Random effects  
  Intercept Position Sex Speed Position:Sex Fish ID  
  β SE Z P β SE Z P β SE Z P β SE Z P   β SE Z P variance  SD n 
515 -0.88 0.68 -1.29 0.196 -2.95 1.14 -2.60 0.009 -2.52 0.73 -3.43 0.001 
2.06 0.85 2.41 0.032 Both-S 
3.09 1.50 2.06 0.039 0.00 0.00 73 -0.26 0.77 -0.33 0.740 F-S 
-2.32 0.67 -3.44 0.002 F-Both 
532 -8.64 1.75 -4.95 <0.001 - - - - - - - - - - - - 
Both-S 
- - - - 92.91 9.64 80 F-S 
F-Both 
540 -8.60 3.55 -2.42 0.016 - - - - - - - - 
3.19 2.65 1.20 0.457 Both-S 
- - - - 54.86 7.41 78 0.44 2.64 0.17 0.869 F-S 
-2.75 1.21 -2.27 0.069 F-Both 
568 -0.81 0.42 -1.91 0.056 - - - - - - - - 
0.78 0.49 1.58 0.230 Both-S 
- - - - 5.01*10-14 2.24*10-7 89 0.04 0.46 0.08 0.939 F-S 
-0.74 0.31 -2.36 0.055 F-Both 
676 0.03 0.44 0.08 0.937 - - - - -1.00 0.45 -2.19 0.028 
1.03 0.52 1.97 0.098 Both-S 
- - - - 0.29 0.54 68 -0.83 0.52 -1.59 0.112 F-S 
-1.86 0.55 -3.38 0.002 F-Both 
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Chapter 4 
The relative importance of local and global 
visual contrast in mate choice 
Accepted in Animal Behaviour (02/05/2019) 
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4.1 Abstract 
Colour signals are often made up of a number of colour patches. The position 
of these patches within a pattern has the potential to influence signal 
conspicuousness, especially if viewers attend to local rather than global aspects of 
the colour pattern. If local contrast is important, then signal efficacy should be 
highest when highly contrasting patches are adjacent; if local contrast is not 
important, contrasting colours can be anywhere in the pattern. We tested whether 
global or local colour patch contrast influenced the attractiveness of male guppies 
(Poecilia reticulata). We assessed contrast on both global or local scales using two 
methods. The first method, overall pattern contrast (OPC), estimates the global 
pattern contrast without accounting for which colours are adjacent. The second 
method, boundary strength analysis (BSA), accounts for local contrast by estimating 
the contrast intensity (ΔS) and contact lengths between adjacent patches. We tested 
behaviour under three different light environments: blue, broad spectrum (control) 
and red in order to modify visual contrast. The light environment had a significant 
effect on all measures of colour pattern contrast. The male OPC measures did not 
affect female preferences under the three light environments. The coefficient of 
variation (CV) of chromatic ΔS was the only measure to show a significant effect on 
female preferences. Females favoured males who displayed high variation in local 
contrast (high CV of ΔS, independently of the light environment). Therefore, variation 
in local visual contrast appears to be more important than overall pattern contrast in 
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Keywords: Animal colour pattern, Boundary strength analysis, Colour patch 
adjacency, Light environment, Mate choice, Overall pattern contrast 
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4.2 Introduction 
Environmental pressures lead to the evolution of signals, sensory systems and 
signalling behaviour which maximise signal reception and favours signals that are 
easily transmitted, received, detected and discriminated (Hailman, 1977; Lythgoe, 
1979; Guilford & Dawkins, 1991; Endler, 1992; Cole, 2013; Graham, Sandoval, 
Dabelsteen, & Mennill, 2017; Lind, Henze, Kelber, & Osorio, 2017; Price, 2017). In 
sexual selection, the most conspicuous signals are thought to be the most attractive 
because they are most easily detectable and often advertise individual condition 
(Houde & Torio, 1992; Hill & Farmer, 2005).  
 
Signals often consist of a number of components and conspicuousness can be 
achieved in a number of ways. For example, in visual communication, colour patterns 
often include a number of colour patches and conspicuousness can be achieved by 
global contrast (i.e. the overall contrast of a signal) or local contrast (i.e. highly 
contrasting pairs of adjacent colours within the pattern). Both types of contrast could 
be affected by sexual selection, but despite the mounting research investigating 
colour signal evolution, the relative importance of local versus global contrast is 
unexplored. 
 
Highly contrasting adjacent colour patches are an effective way to attract and 
hold attention because they strongly stimulate both edge detectors and colour 
sensitive systems in the retina and brain, and the neural "wiring" in the retina detects 
stimuli that are close together rather than far apart (Marr & Hildreth, 1980; Dowling, 
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1987; Elder & Sachs, 2004; Stevens & Cuthill, 2006; Troscianko, Skelhorn, & Stevens, 
2017; Endler, Cole, & Kranz, 2018). For example, signal amplifiers, usually black or 
dark, increase the visibility and amplify the message conveyed by an adjacent colour 
(Hasson 1991, Zanollo et al. 2013). Moreover, highly contrasting adjacent colour 
patches, found in species displaying high polymorphism with various combination of 
contrasted colours, can be used to attract attention during mate choice or for 
individual and species recognition.  
 
Female preferences for male colour signals provide an opportunity to 
understand colour pattern contrast in the context of sexual selection. The role of 
colour transition and colour adjacency in animal communication has received little 
attention (Endler, 2012; Endler et al., 2018) compared to overall measures (Endler, 
1980; Greene et al., 2000; Calkins & Burley 2003; Endler & Mielke, 2005; Endler, 2012; 
Pérez-rodríguez , Jovani, & Stevens, 2017). For example, studies on mate choice 
conducted on various species (fish, birds, mammals and crustaceans) assessed the 
role of only one, or a few, colours of the male pattern (Kodric-Brown, 1989; Houde & 
Torio, 1992; Hunt, Cuthill, Bennett, & Griffiths, 1999; Waitt et al., 2003; Detto, 2007) 
and ignored pattern geometry. Furthermore, only very few studies take into account 
the relative positions of each colour patch to estimate pattern contrast (Endler, 2012; 
Rojas & Endler, 2013; Pérez-rodríguez et al., 2017). Using pattern geometry allows us 
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Animals that show high levels of colour pattern polymorphism are excellent 
models with which to investigate the role of adjacency in colour patches. Guppies 
(Poecilia reticulata) are a sexually dimorphic freshwater fish, with males exhibiting 
extreme colour pattern polymorphism (Endler, 1978, 1983) which is influenced by 
the local balance between predation and sexual selection ( Endler, 1978, 1980, 1987, 
1992; Reznick, Butler IV, & Rodd, 2001; Gordon et al., 2015). Males display orange, 
yellow, and black pigment-based coloured patches, as well as green, violet and blue 
structural-colour-based patches and all potentially affect female choice of males. In 
many but not all populations, mate choice is predicted by the relative areas, or the 
luminance of some colours such as orange (Kodric-Brown, 1985;  Houde & Endler, 
1990; Houde & Torio, 1992; Long, 1993; Endler & Houde, 1995; Houde, 1997; Rodd, 
Hughes, Grether, & Baril, 2002; Deere, Grether, Sun, & Sinsheimer, 2012) and black 
(Brooks, 1996). Cole & Endler (2015a) found that female guppies choose males based 
upon combinations of colours and that these preferred combinations vary under 
different light environments. In combination with retinal and brain "wiring" (Dowling, 
1987), this suggests that not only are entire colour patterns important, but that 
colour patch adjacency within a pattern may play a greater role than previously 
thought.   
 
We used two methods to investigate the relative importance of local versus 
global (whole pattern) visual contrast in guppy mate choice experiments. Overall 
pattern contrast (OPC) examines the effects of overall contrast in chroma, hue and 
luminance (Endler & Mielke, 2005) while boundary strength analysis (BSA), examines 
local effects of contacting colours (Endler et al., 2018). OPC uses the overall (mean) 
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and within pattern contrast (coefficient of variation) without accounting for colour 
pattern geometry or colour patch adjacency (Endler & Houde, 1995; Endler & Mielke, 
2005). BSA (Endler et al., 2018) takes into account colour patch adjacency by 
estimating the length and strength (i.e. contrast intensity) of patch boundaries. By 
using both OPC and BSA, our aim is to assess the effect of colour patch boundaries 
and colour adjacency on the attractiveness of male guppies. In other words, is overall 
pattern (gestalt) or local contrast more important in female choice? 
 
We performed a mate choice experiment under three different light 
environments, broadband, red and blue.  The broadband spectrum covers most of 
the guppy-visible wavelengths.  The other two had relatively narrower band spectra 
ranging over a third of the guppy visible spectrum. We used these light environments 
to generate variation in the appearance of each fish. By intensifying the appearance 
of some traits using these light spectra, we were able to maximise colour pattern 
variation and increase it more than if we had used a single broadband light source, 
thus giving a stronger test of the methods.  The width of our blue and red light spectra 
are similar to the natural light environment forest shade (Endler 1993) but the bands 
are shifted towards the blue or the red. Other restricted band spectra environments 
occur in nature.  For example, water systems with high turbidity and/or extreme 
eutrophication can have moderate to narrow bandwidths, leading to disruption of 
breeding systems (e.g. Seehausen et al. 1997).  
 
We investigate whether OPC or BSA predicts male attractiveness under the 
three light environments. We predict that (1) light environment should significantly 
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affect male pattern visual contrast; (2) males with higher chromatic and achromatic 
contrast should be more attractive than low contrasting males; and (3) if local rather 
than global contrast is more important, then contrast measures that account for 
colour patch adjacency (BSA) will be better predictors of male attractiveness than 
overall contrast (OPC). 
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4.3 Material and Methods 
4.3.1 Animal husbandry 
We used guppies (Poecilia reticulata) from a laboratory population kept under 
laboratory conditions since 2011 (Cole & Endler, 2016). The illumination by high-
frequency fluorescent lamps followed a 12-hours light-dark cycle and fish were fed 
once a day with flake food (Tropical flake, Aqua One) and twice weekly with brine 
shrimp (Artemia cysts, INVE Aquaculture). 
 
Males came from 196-litre glass tanks, with a balanced sex ratio. We used 
virgin females coming from single-sex 54-litre glass tank to maximise their likelihood 
of receptivity when placed in the tank with males (Rosenthal, 1952; Kodric-Brown, 
1989; Houde, 1997). 24 hours before the start of the trials, we placed a 54-litre tank 
containing 15 males next to the females’ tank in order to visually expose them to 
males because virgin females often mate indiscriminately with the first male 
encounter if they have never seen a male before (Rosenthal, 1952; Kodric-Brown, 
1989; Houde, 1997).  All females saw the same males and those males were not used 
in the mate choice trials.  All fish were fed ad libitum before the beginning of the 
experiment. 
4.3.2 Female preference trials 
We performed the mate choice trials under three different light environments 
adjusted to equal intensity: blue, red and broad spectrum (unfiltered control) (see 
Appendix Section S4.1 and Figure S4.1 for details).  
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We set up six experimental tanks, two replicates for each light environment. 
These tanks were 25 x 30 cm and 20 cm deep with a 1cm layer of gravel and 8cm of 
water at 22±1°C.  We used three males and one virgin female per trial. Males were 
placed in smaller chambers (8 x 8 cm and 12 cm deep) within the experimental tank. 
The chambers had two opaque sides that prevented visual interaction with other 
males. They were placed against the trial tank wall, with a clear side facing the female 
position (Figure S4.2) to allow females to view the males simultaneously.  
In each trial, males were assigned the left, middle and right positions (Figure 
S4.2, video available online with the link given in supplementary material Section 
S4.2) at random to minimise any bias due to female preferences for one side of the 
tank. This was verified; male contrast metrics did not differ significantly among the 
three positions (Table S4.6).  Over the entire experiment, each female performed six 
trials, two under each light environment in Latin-square order, over the same day. 
Each female saw two groups of three males under each light environment, but no 
female saw the same male group more than once. We could not measure the 
repeatability of female choice for the same males under the different light 
environment because females discriminate against males that they have seen 
previously (Eakley & Houde, 2004). We used six virgin females and 18 males per day 
and a total of 36 females and 108 males (36 groups of 3 males) in 216 trials. Within 
each trial, we gave females a choice of males with different contrast values (Table 
S4.1). For each colour pattern parameter, the variation within male groups was 
similar under each of the light environment (Table S4.1). 
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We placed the focal female into the experimental tank and after five minutes 
of acclimation, the chambers containing the three males were gently placed into the 
experimental tanks. The trials ran for 25 min each and were recorded with overhead 
video cameras: Panasonic HC-V100 and JVC HD Everio. 
4.3.3 Recording male and female behaviour  
We analysed the videos using Jwatcher software V1.0 (Blumstein, Evans, & 
Daniel, 2006). All video analyses were blind to male, female and trial identity. Because 
the camera viewed the male dorsally, none of the male colour patterns were visible 
in the videos. The male colour pattern analyses were performed after all the videos 
were analysed and blind to male identity. We were not able to mask the light 
environment from the colour videos. 
 
A zone extending two cm in front of each male chamber was assigned as the 
preference zone (Figure S4.2). We recorded the time that a female spent in each 
preference zone and used it as a proxy for attractiveness of the male in the 
corresponding chamber (Houde & Torio, 1992). “Male attractiveness” was calculated 
as the time that a female spent in front of a male divided by her total time in the trial. 
We excluded trials when the time spent by the females in the preference zone was 
13% or less of the total trial time because the preference zone was 13% of the female 
swimming area; 13% represents random location choice. We removed 95 trials out 
of 216 using these criteria: 19 in blue, 43 in red and 55 in the broad spectrum light 
environment.  
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We measured male activity because females use static (colour pattern) and 
dynamic (display rate) traits to evaluate males (Houde, 1997; Kodric-Brown, 1989; 
Kodric-Brown & Nicoletto, 2001). We recorded the activity of the male when a female 
was in front of a male chamber. The males either were still or moved toward the 
female. Courtship displays were infrequent and hard to detect accurately due to the 
vertical camera angle. We defined “male response” to a female as a male moving 
towards the female. We calculated the proportion of male responses by dividing the 
time that a male spent moving towards a female by the time the focal female spent 
in his preference zone. 
4.3.4 Colour Areas 
Fish were photographed following Cole & Endler (2015b, see Appendix 
Section S4.3 for details). The photographs were analysed with Adobe Photoshop 
CS5.1 and MATLAB (as in Cole & Endler, 2015b). Within Photoshop we manually 
outlined the total fish area (i.e., from the head to the end of the caudal peduncle), 
the tail fin area (i.e., starting at the caudal peduncle) and the areas of ten distinct 
colour classes: black, fuzzy black, black reticulation, yellow, orange, gold, silver, 
green, blue and violet, and saved the outlines in a multilayer PSD file. The colour 
classes were based upon reflectance spectra (Figure S4.3); this population shows no 
UV-only patterns. We used MATLAB to extract the relative colour area measurements 
and the numbers of transitions between colours in the pattern (Endler, 2012). 
Because of the high degree of symmetry between left and right sides in our 
population (93% of males, Cole & Endler 2015b, 2016), only the right side colour 
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pattern was analysed. We used the relative colour areas (colour area/total area) for 
subsequent calculations. 
4.3.5 Colour pattern calculations 
We used Overall Pattern Contrast (OPC, Endler & Mielke, 2005) and Boundary 
Strength Analysis (BSA, Endler et al., 2018) to estimate visual contrast. Both methods 
take into account the light environment irradiance spectra, the reflectance spectra 
and relative area of each colour pattern component and the spectral sensitivity 
functions of the guppy photoreceptors including the eye optical media. We used the 
mean reflectance spectra measurements of each colour class (Figure $4.3) from a 
previous study in the same population (Cole & Endler, 2015b). BSA also takes into 
account the geometry of the colour pattern by considering which colours are 
adjacent (i.e. having a common boundary) as well as the intensity (i.e., magnitude of 
the difference) and length of the boundary between them and ignores non-adjacent 
colour pairs. 
OPC calculates overall measures of both colour and luminance contrast based 
upon reflectance and relative areas of each pattern component (patch) (Endler, 1990, 
1991; Endler & Houde, 1995; Endler & Mielke, 2005; Kemp et al., 2015). The resulting 
values are the means and coefficients of variation (CV) of hue, chroma and luminance 
of each colour class weighted by the relative area of each class (Endler & Mielke, 
2005). Hue defines the shape of the colour spectrum and depends upon which 
photoreceptor classes are stimulated. Chroma describes the purity or saturation of 
the colour and depends upon differences between cone outputs, and is based on 
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photoreceptor opponency. Luminance describes how reflective the colour is in a 
given light spectrum and depends upon the degree of stimulation of the double cones 
(for details, see Endler & Mielke, 2005). 
 
To determine the luminance, chroma and hue of each male colour class within 
each light environment we used established methods ( Appendix Section S4.4, Endler, 
1991; Endler & Houde, 1995; Endler & Mielke, 2005; Cole & Endler, 2015b).  
 
In order to estimate the overall pattern contrast of each guppy under each 
light environment, we calculated the weighted means and coefficients of variation 
(CV) of chroma, luminance and hue, separately.  The hue, chroma, or luminance of 
each colour class was weighted by that colour class's relative area on each guppy in 
the calculations (Endler & Mielke, 2005). Because hue is an angle (Endler & Mielke, 
2005), we used circular statistics; the mean vector angle for mean hue and the 
circular variance for CV hue. The weighted means are an estimate of the guppy global 
contrast. The weighted CVs are a measure of the within-pattern contrast, assuming 
the greater the variation of luminance, chroma, and hue across the pattern, the 
greater the conspicuousness to other guppies. These OPC measures did not take into 
account whether or not the patches are in contact. Diagrams and pictures of 
individuals with low or high OPC values are available in the appendix, Figure S4.5. 
 
BSA integrates visual physiology and pattern geometry to combines patch 
boundary contrast intensity as well as patch boundary size (Endler et al., 2018). In 
 
Chapter 4                                                                                                                                   -  158 -  
 
BSA, the boundary strength is estimated by ΔS (degree of discriminability) between 
adjacent colour patches using the receptor noise model (Vorobyev & Osorio, 1998). 
∆S is an estimate of the likelihood of colour discrimination between two stimuli; 
when ΔS=1, two visual stimuli are just noticeably different (JND) (Vorobyev & Osorio, 
1998; Endler & Mielke, 2005; Kemp et al., 2015). An individual is likely to discriminate 
one stimulus from the other if ΔS≥1. Under this threshold (ΔS<1) the viewer is unlikely 
to discriminate between the two stimuli. We used the formulae in Vorobyev & Osorio 
(1998) and Kelber et al. (2003) to calculate ∆S (Supplementary material Section S4.5).  
The quantity ∆S is also the Mahalanobis distance between two stimuli (i.e., a 
multivariate statistical measure of the difference between two stimuli, Endler et al., 
2018). 
 
For a given colour pattern, we calculated ∆S for each pair of colour classes 
which shared a common boundary (e.g., orange-black, blue-green). We also 
calculated their common boundary lengths. We then calculated the mean ∆S (m∆S) 
of each adjacent pair weighted by the common boundary length as well as the 
coefficient of variation of ∆S (cv∆S) across the male pattern (Endler et al., 2018). 
Diagrams and pictures of individuals used in the experiment with low or high BSA 
values are available in the appendix Figure S4.5 (see Figure 2 in Endler et al., 2018, 
for diagrams showing BSA measures of multiple  guppies along with maps of their 
boundary strengths: "fort diagrams"). 
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4.3.6 Data analyses  
All statistical analyses were performed in R (R Core team 2013) with R Studio 
(R Studio 2016, Version 0.99.8). Normality and homogeneity of the residuals was 
successfully verified for each model before further analysis. All tests were conducted 
with alpha = 0.05. 
Male patterns under the three light environments 
We estimated the effect of light environment on the chroma, luminance and 
hue of each male’s colour pattern. We calculated chroma, luminance and hue for 
each male colour patch class under each light environment. For mean of chroma and 
luminance, CV of chroma, luminance and hue, we performed a linear model (LM) with 
light environment as the fixed explanatory variable. We also performed LM to 
determine the effect of light environment on achromatic and chromatic m∆S and 
cv∆S. We ran a post-hoc analysis to control for multiple comparisons (across light 
environments) using R function glht (package multcomp, Hothorn, Bretz, & Westfall, 
2017). Because hue is a circular variable, we used a circular ANOVA to analyse the 
effect of the light environment on the male pattern mean of hue (R package circular, 
Lund & Agostinelli, 2017). We bootstrapped the male’s hue values under each light 
environment (Nakagawa & Cuthill, 2007, 10000 iterations) to obtain means and 
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The effect of OPC: overall luminance, hue and chroma, on male attractiveness under 
the three light environments 
To assess the relationship between male attractiveness and the mean and CV 
of male colour pattern luminance, chroma and hue, we performed a linear mixed 
model (lmer package lme4, Bates et al., 2014). The response variable was the log-
transformed male attractiveness. The initial models included as fixed factors: light 
environment, male response (normalised with the logit transformation), position in 
the tank (left, middle, right, Figure S4.2), the OPC contrast measure (mean or CV), 
trial number, and the second order interaction between the light environment and 
each of the OPC variables, the male response and each of the OPC variables, the 
position and each of the OPC variables (Appendix Section S4.6, formula 1 and 2). We 
included female identity as a random intercept.  
We performed a backward elimination of non-significant effects of linear 
mixed effects model and compared models using the AIC criteria and analysis of 
variance (ANOVA) at each model reduction. We kept the model with the smallest AIC 
value. We ran a post hoc analysis to control for multiple comparison using the glht 
function and Holm-Bonfferoni adjustment (R package multcomp, Hothorn, Bretz, & 
Westfall, 2017).  
We ran the mean of hue in a separate circular linear model (lm.circular, R 
package circular, Lund & Agostinelli, 2017). Log-transformation of male 
attractiveness was not needed in the circular model to obtain a homogeneous 
residual distribution. 
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The effect of BSA: mean and CV of chromatic and achromatic ΔS on male 
attractiveness under the three light environments 
To assess the relationship between male attractiveness and either mΔS or 
cvΔS of male colour pattern chromatic and achromatic cues, we used a linear model 
as in the OPC analysis. The initial models included log-transformed male 
attractiveness as the response variable and five fixed variables:  light environment, 
male response, position in the tank (left, middle, right, Figure S4.2), trial number, and 
either mean or CV of achromatic ΔS and chromatic ΔS.  The models also included the 
second order interactions between light environment and each of the ΔS variables, 
male response and each ΔS, and chamber position and each ΔS variables (Appendix 
Section S4.6, formula 3 and 4). We included female identity as a random intercept. 




4.3.7 Ethical Note 
The methods adhered to the ASAB/ABS Guidelines for the Use of Animals in 
Research. This experiment was conducted under Deakin University’s Animal Ethics 
Committee approval number G11-2015. All individuals were handled with the highest 
care to minimise stress. Time under anaesthesia was minimised and total recovery 
was complete within two minutes in a tank by himself to avoid the risk of attack from 
conspecifics while recovering.  
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4.4 Results 
We tested how the spatial scale (local versus global) of male colour pattern 
contrast affected female preference under different light environments using OPC 
and BSA methods. We first describe how the light environment affected the male 
pattern contrast and then test the effect of those colour pattern contrast measures 
on mate choice. 
4.4.1 Male pattern contrast under the three light environments 
As predicted, light environment affected the OPC contrast measures. The 
mean and CV of luminance, chroma and hue, were significantly different among the 
three different light environments, even after the von Kries correction for differing 
ambient lights (Figure 4.1, Table S4.2). 
The mean luminance was significantly lower under blue (mean 1.502) than 
under the broad spectrum (mean 1.658) and red light (mean 1.699) despite equalising 
their total irradiance. We found no significant patch luminance differences between 
red and broad spectrum (Table S4.2a, Figure 4.1a). The luminance CV (overall within 
pattern luminance contrast) was significantly higher under blue than broad spectrum 
and red (Table S4.2b, Figure 4.1b). 
Similar to luminance, mean chroma was significantly lower under blue (mean 
0.039) than broad spectrum (mean 0.060) and red (mean 0.064). Mean chroma was 
also significantly higher under red than broad spectrum (Table S4.2c, Figure 4.1c). 
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The CV of chroma was significantly higher under blue than broad spectrum and red 
(Table S4.2d, Figure 4.1d). 
Mean hue was significantly different under the three light environments 
(Table S4.2e, Figure 4.1e). The mean and 95% confidence interval (CI) around the 
mean values were 99.69 degrees [97.03; 102.83] under blue, 341.67 degrees [337.51; 
345.60] under red and 265.09 degrees [255.27; 273.24] under broad spectrum. The 
hue CV was significantly higher under broad spectrum than under blue and red, and 
higher under blue than red (Table S4.2f, Figure 4.1f). 
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Figure 4.1: The influence of light environments (blue, broad spectrum and red) on OPC 
contrast measures: mean luminance, chroma and hue (4.1a, 4.1c, 4.1e), and CV of luminance, 
chroma and hue (4.1b, 4.1d, 4.1f), all after the von Kries correction. Dots represent the mean 
in each light environment, and n represents the number of male patterns analysed per 
environment. Linear model significance differences are denoted by different letters. Results 
from statistical models are in Table S4.2. 
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The light environments had varying effects on BSA measures.  The achromatic 
mΔS was significantly higher under the blue light environment than under the red 
environment and the achromatic cvΔS was significantly higher under the broad 
spectrum environment than under the blue environment (Table S4.3, Figures 4.2a, 
4.2b). The chromatic mΔS and cvΔS were significantly affected by the light 
environment. Male patterns had a significantly higher mΔS under the red and 
significantly lower mΔS under the blue environment (Table S4.3, Figure 4.2c). 
Chromatic cvΔS was significantly higher under blue than broad spectrum and 
significantly lower under the red environments (Table S4.3, Figure 4.2d).  All mΔS 
were above one, indicating likely discriminability of all adjacent colours by the 
guppies under each light environment. 
 
Figure 4.2: Influence of light environment on BSA contrast measures: mean achromatic (4.2a) 
and chromatic (4.2c) contrast (m∆S) and CV of achromatic (4.2b) and chromatic (4.2d) 
contrast (cv∆S). Dots represent the mean in each light environment, and n represents the 
number of male patterns analysed per environment. Linear model significance denoted by 
different letters. Results from statistical models are available in Table S4.3. 
 
Chapter 4                                                                                                                                   -  166 -  
 
4.4.2 The effect of OPC: overall luminance, hue and chroma, on male attractiveness 
under the three light environments 
There were no significant effects on male attractiveness of the OPC measures 
mean or CV of chroma, luminance or hue. Male position had a significant effect on 
the male attractiveness; females spent significantly less time with the males in the 
middle chamber (P<0.05, left: 8.26%, right: 8.42%, middle: 6.92% of the time, Figure 
S4.4, Table S4.4a, results from the full model are presented in Table S4.4b and S4.4c). 
4.4.3 The effect of BSA: mean ΔS on male attractiveness under the three light 
environments 
We found no effect of chromatic and achromatic m∆S on male attractiveness 
(after model reduction only the tank position and the male response were kept in the 
model, Table S4.4a, results from the full model are presented in Table S4.5a). We 
found a significant effect of tank position where females spent significantly less time 
with the males in the middle chamber (Figure S4.4, Table S4.4a).   
4.4.4 The effect of BSA: CV of chromatic and achromatic ΔS on male attractiveness 
under the three light environments 
We found a significant positive effect of the BSA measure chromatic cvΔS on 
attractiveness (P=0.042, Table 4.1, Figure 4.3). The higher the chromatic cvΔS the 
more attractive the male (Figure 4.3). Similarly to previous results, we found a 
significant effect of tank position on male attractiveness (Figure S4.4, Table 4.1).  
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Figure 4.3: Effect of chromatic cvΔS on male attractiveness. Male attractiveness is the 
log of the proportion of time in his preference zone. Grey area is the 95% CI around 
the linear regression slope.  
 
 
Table 4.1: Effect of male chromatic cvΔS and male response on his attractiveness. Results 
from the linear mixed model with female added as a random factor. Significant results are in 
bold. The model before backward elimination of non-significant variables is presented in 
Table S4.5b. SE= standard error, DF= degrees of freedom, t= t value, P= p-value, SD= standard 
deviation. 
Fixed effects β coefficient SE DF t value P 
Intercept 1.60 0.22 301.99 7.10 <0.001 
Chromatic cvΔS 0.69 0.34 299.78 2.04 0.042 
Position(2-1=middle-left) -0.28 0.08 268.67 -3.75 <0.001 
Position (3-1=right-left) -0.07 0.08 268.77 -0.88 0.378 
Position (3-2=right-middle) 0.22 0.08 268.76 2.87 0.004 
Random effects Variance SD    
Female 0.01 0.12    









We investigated the possibility that local colour pattern contrast is more 
important than global contrast in mate choice by using two methods which are 
sensitive to different spatial scales of visual contrast: overall pattern contrast (OPC), 
which neglects colour pattern geometry (except for patch sizes), and boundary 
strength analysis (BSA), which accounts for the contrast intensity and size of colour 
patch boundaries. BSA detects contrast at a local scale whereas OPC ignores local 
effects. We showed a significant effect of male colour pattern contrast on male 
attractiveness, but only for the BSA measure, chromatic cvΔS. This suggests that 
variation in visual contrast between adjacent patches is more important than overall 
variation in the pattern, and that colour patch boundaries are important in female 
preferences. In other words, local contrast is more important than gestalt. We also 
found effects of male position on female preferences, and more females were 
receptive under the blue light environment. 
Male pattern contrast under the three light environments 
As expected from previous studies (Gamble, et al., 2003; Cole & Endler, 
2015b), we found a significant effect of ambient light environment on male pattern 
appearance even after using the von Kries correction for chromatic adaptation to the 
ambient light. This suggests that the ambient light environment can affect the 
appearance of guppy male patterns in spite of colour constancy. These results arise 
from patch reflectance spectra matching or mismatching the irradiance spectra. In 
our study, both mean luminance and chroma were lowest under blue light and 
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highest under red light. This is probably because most guppy colour patches strongly 
reflect longer wavelengths. For example, orange patches are common in guppies 
whereas blue patches are relatively rare. Therefore, a guppy with a lot of orange 
would reflect strongly in red light but relatively less in blue light. The overall male 
pattern is generally a more efficient light reflector in red than blue light. Alternatively, 
double cones, which are mostly sensitive to long wavelengths (peak sensitivity at 533 
and 560 nm) and function in luminance detection, could result in higher pattern 
luminance perceived under the red light.  
OPC measures: luminance and chroma CV, estimating overall within pattern 
contrast, were highest under the blue environment. Under this light environment, 
colour patterns with patches that do not strongly reflect (spectrally dissimilar to) blue 
light will result in low luminance, whilst colours that strongly reflect blue will result 
in high luminance. This combination of low and high luminance would result in high 
CV luminance, high contrast, within the overall male's colour pattern. The mean hue 
was also significantly different under the three light environments, with a lower mean 
hue under the blue environment. This is likely due to the low chroma colours such as 
silver, fuzzy black and black, and to some extent green. Low chroma colours change 
with ambient light spectra more than high chroma colours (Endler, 1993a; 1993b). 
The CV of hue (i.e., contrast between the colour patch hues) was highest under the 
broad spectrum environment where the broad wavelength range makes more 
colours efficient reflectors (see discussion on reflectors in Endler, 1993a).  
BSA was used to estimate the effect of light environments on patch 
boundaries. We found differences in chromatic as well as achromatic measures. 
Differences in chromatic mΔS are mainly a result of males having higher chromatic 
 
Chapter 4                                                                                                                                   -  170 -  
 
mΔS in red and lower in blue light. Similar to OPC contrast measures, males showed 
a higher chromatic cvΔS under blue. Guppies also had higher achromatic mΔS in the 
blue than in the red and higher achromatic cvΔS in the broad spectrum than in the 
blue. The inter-individual variation in contrast metrics observed is due to the very 
high variation in the number, size and diversity of coloured patches in the males’ 
patterns (Figure S4.5) interacting with each of the light environment. 
The variation of OPC and BSA measures among males within trial groups were 
similar under the three light environments (Table S4.1). Variation of global (OPC) and 
local (BSA) pattern contrasts under the three light environments show that we 
successfully created significant variation in male pattern contrast using the three light 
treatments. This suggests in general that changes in natural environment light 
spectra (e.g., high turbidity or eutrophicaton) could modify the appearance of colour 
sexual signals. Rapid changes in the ambient light could thus lead to shift in mate 
choice criteria that are based on chromatic visual cues (Seehausen et al. 1997, 
Suriyampola et al 2018).  
The effect of OPC on male attractiveness under the three light environments 
When male pattern contrast was evaluated using OPC, (mean and CV of 
luminance, chroma and hue) we found no effect on male attractiveness. There are 
two possible confounding factors in our experiment, which might have masked any 
real effect. First, we were unable to measure the spectral reflectance of all colours of 
each male in the trials and subtle variation in the reflectance spectra of the fish could 
have influenced female preferences, even though males from our population showed 
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a very high repeatability of colour patch reflectance. Second, our experimental light 
environments lacked UV wavelengths and this could have negatively affected the 
female choice for overall contrast measures (OPC), because some male colours 
reflect UV (Figure S4.3).  Our result that OPC measures did not influence female 
preferences was unexpected as they differ from previous results where male guppy 
luminance, chroma and hue were found to interact with the light environment to 
influence female mate choice (Cole & Endler, 2015b). However, Cole & Endler (2015b) 
found that male attractiveness was predicted by an interaction between OPC 
measures and the colour of the ambient light (in that case water colour) and there is 
a significant difference in the light environments between our study and that of Cole 
and Endler (2015b). However, UV wavelengths were lacking in both studies. We used 
clear water and coloured lights whereas Cole & Endler (2015b) used standard lights 
but water coloured with food colouring. Alteration of water colour with pigments will 
affect visibility by altering the radiance off the guppies (as in our experiment) but will 
also affect contrast and colour due to spectral absorbance by coloured water 
between the male and viewing female, the "spacelight" coming from the coloured 
water adjacent to the male, and the "veiling light" from the coloured water between 
the male and female (Lythgoe 1979). Those results, along with the results of this 
study, indicate (1) that sexual selection in species displaying colour patterns with 
multiple coloured patches is complex, and (2) that the use of global characteristics of 
the pattern (e.g. relative patch size, OPC measures) in mate choice is not consistent 
and depends of the light environment.  
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The effect of BSA on male attractiveness under the three light environments 
 We found a significant positive effect of chromatic cvΔS on attractiveness. 
This indicates the importance of both the length and intensity (ΔS) of the borders 
between adjacent patches in sexually selected visual signals (Endler et al., 2018). 
A male with high variation in the boundary strengths across his pattern (high 
cvΔS) will be more attractive to females since it may prevent sensory adaptation as 
the male image moves across the female's retina. The preference for higher 
chromatic cvΔS could originate from females preferring associations of certain 
coloured patches or from a preference for higher contrast colours in certain locations 
on the male. These colour combinations at specific locations could be enhanced by 
male courtship movement patterns aligned with the patterns. Some edge contrasts 
could also be indicators of good quality as well as the male patches themselves. In 
fact, the association of colour and brightness in single carotenoid patches has been 
shown to be an indicator of male quality related to parasitic infection and has a role 
in male attractiveness at least in some populations (Houde & Torio, 1992). The 
efficacy of these high chroma carotenoid colour patches could be further enhanced 
by adjacent low chroma melanin colouration acting as a visual amplifier (Brooks, 
1996). 
According to the BSA metrics a favoured male should possess a high variation 
in edges. Some colour combinations could contribute differently in the BSA contrast 
metrics (mean and CV) and need to be addressed in future studies. 
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Differences between the success of OPC and BSA in predicting female choice 
for the same patterns, under different light environments, suggest that local colour 
pattern contrast may be more important than global contrast in perception and 
choice across all light environments. Females preferred males that display a pattern 
that locally stimulates their retina. 
Our results highlight the importance of taking into consideration the type of 
contrast that is being estimated, and its function. 
Female activity and choice under the three light environments 
Our study showed an effect of the light environment on the female’s 
behaviour. We excluded trials in which females spent less than 13% in the preference 
zones because those zones occupied 13% of the female swimming area (this was 
important to avoid the occurrence of random or non-sexual choice by the focal 
females). As a result, more than twice the number of trials were removed from the 
red compared to the blue trials and almost three times the blue were removed from 
the broad spectrum trials. This suggests that females were more receptive under blue 
light. This is consistent with studies showing that the light environment affects female 
sexual response and that light environment containing mainly short wavelengths 
seems to increase female receptivity compared to environments with broadband 
irradiance (Gamble et al., 2003). Moreover, the spectral composition of the light 
environment generally influences mating behaviours in various species (Seehausen, 
1997; Summers, Symula, Clough & Cronin, 1999; Gamble et al., 2003). For example, 
in cichlids and poison frogs, assortative mating disappears with reduction of the light 
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spectrum bandwidth (Seehausen, 1997; Summers et al., 1999). In guppies, females 
have been shown to be more receptive under a light spectrum that contained both 
short and long wavelengths but blocked medium wavelengths (500 to 600nm, 
Gamble et al., 2003). In our study, females spent more time with males under the 
blue light environment, which may result from higher levels of receptivity.  
Effect of male chamber position on female preference 
We found an effect of male position on time that females spent with males in 
both OPC and BSA analyses. Overall, the central position of the male was least 
favoured by the females. This result could be explained by females avoiding open 
areas due to perceived predator risk (as in Savino & Stein, 1989; Lima & Dill, 1990).  
Conclusion 
In the present study, the light environment affected males' visual contrast. 
Compared to the red and broad spectrum environment, the blue environment 
created less overall pattern contrast but more variation in the contrast of this pattern 
(i.e. some locally high contrasted areas). It was under this blue light environment that 
females receptivity was the highest. This emphasizes that carefull control of the light 
environement are necessary during behavioural experiments because light spectrum 
can impact both individual behaviour and the reflectance of colour patches.   
Since we found that the CV of the boundary contrast (BSA) measures is a 
better predictor of guppy mate preferences than overall pattern measures, local 
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visual contrast appears to be more important that whole-pattern contrast. We 
emphasise than the effect of patch edges seems to be very important in determining 
the conspicuousness of a colour pattern and that colour pattern geometry and 
adjacent colour patches are noteworthy in mate choice. This concurs with image 
processing in the retina and the brain, where stronger and longer patch edges 
stimulate the retina more intensely than isolated patches (Dowling, 1987). These 
results may be relevant for other species displaying juxtaposed colours patches (e.g., 
birds, amphibians and many vertebrate and invertebrate reef species) that could use 
edge-detectors in their visual systems. Local high chromatic boundary contrast cvΔS 
could be favoured because it could be highly detectable by females during male 
display. This study has implications for the evolution of colour patterns, and the 
relative importance of the different colour pattern components, that have not 
previously been considered. Further work is needed to determine how colour pattern 
geometry evolves and whether sexual selection acts on combinations of local 
components in a pattern rather than the pattern as a whole.  
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4.8 Supplementary material, figures and tables 
Supplementary material 
Section S4.1: Light environments 
We created the light environments using broad spectrum LED light bars (24 
INCH, 120W, COMBO, SUNYEE international, VIC, Australia), covered with blue or red 
filters (Flame resistant LEE Filter, Mediavision, Gladesville, NSW, Australia. Blue: 071 
Tokyo Blue and Red: 507 Madge). No filter was used for the broad spectrum light 
environment. We chose these filters to create as much variation in the perception of 
male colour patterns as possible (as in Long & Houde, 1989; Gamble et al., 2003). 
Light intensity can affect male courtship behaviour (Archard et al., 2009), so we 
equalised light intensity among the environments by adding layers of the colour filter 
on the LED light bars. To equalise the light intensity in the broad spectrum 
environment, we placed black opaque partitions adjacent to, and 10 centimetres 
from, the LED light bar. This absorbed enough of the light to make the aquarium 
irradiance similar to the other two lights. We measured irradiance using a cosine-
corrected receptor and an ocean optics USB2000+ spectrophotometer calibrated for 
photon flux (μmol photons m-1 sec-1 nm-1) with a Li-Cor LI-1800-02 optical radiation 
calibrator (standard lamp); for details see (Endler, 1990). We took the measurements 
over the guppy visible range 300nm to 700nm at the water level surface (Figure S4.1). 
We checked light intensity every day before each trial. Total irradiance (qt) was 
constant over time and across the three environments:  blue qt = 3.78±0.46 μmol 
photons m-1 sec-1 (mean ± sd), CI95% [3.48; 4.07], broad spectrum qt = 3.96±0.31 μmol 
photons m-1 sec-1 CI95% [3.78; 4.13], red qt =3.98±0.40 μmol photons m-1 sec-1, CI95% 
[3.74; 4.21]. 
 
Chapter 4                                                                                                                                   -  184 -  
 
Section S4.2: Mate choice trial 
URL address and QR-code link to the video presenting a sample of mate choice 
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Section S4.3: Fish photography 
After the experiment, the males were anaesthetized using a 0.2% buffered 
aqueous solution of ethyl 3-aminobenzoate methane sulfonic acid salt (MS-222; See 
Cole & Endler, 2015). We then placed them on a white background with 5mm deep 
anaesthetic solution and illuminated by two fluorescent lights and flexible 
microscope stage illumination to maximise the colour clarity. Following Cole & Endler 
(2015), fish were photographed on with a Nikon D5100 camera and Nikon micro 
60mm lens. The manipulation and photography took less than one minute for all fish. 
We placed the fish in a separate tank to recover.  All fish fully recovered within two 
minutes of being anaesthetized. 
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Section S4.4: Measure of Luminance, Chroma and Hue with the OPC method 
Colour is perceived on the basis of the relative stimulation of cones (cone 
capture) which we calculated by combining the light, colour patch reflectance spectra 
and guppy photoreceptor class absorbance spectra. The guppy’s retina contains nine 
opsins genes grouped into four photoreceptor classes, sensitive to UV (UVS), small 
(SWS), medium (MWS) and long (LWS) wavelengths (Archer et al., 1987; Kawamura 
et al., 2016). The UVS and SWS are single cones whereas the MWS and LWS are in 
double cones (Laver & Taylor, 2011).  
We used peak cone spectral sensitivities (λmax) of 359 nm for UVS, 408 nm for 
SWS, 465 nm for MWS and 560 nm for LWS based upon both micro 
spectrophotometry (MSP) and opsin expression data (reviewed in Kawamura et al., 
2016; Kranz et al., 2018). We used the sum of the 533 and 560 nm spectra for the 
double cones. We estimated luminance from the double cone parameters (spectral 
sensitivity) because in both fish and birds, it is proportional to the stimulation of the 
double cones by a particular coloured patch (Osorio et al., 1999; Jones & Osorio, 
2004; Osorio & Vorobyev, 2005). We also modelled with different LWS but the results 
were qualitatively very similar, so here we only report the results using values based 
on MSP. We estimated chroma as the distance from the achromatic point in the 
guppy colour tetrahedron, a measure of how differently the cones are stimulated.  
We estimated hue from the angle in LSMU colour space, which depends on which 
particular cone combinations are differentially stimulated (for details see Endler & 
Mielke, 2005; Cole & Endler, 2016).  
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In all calculations we used the von Kries correction to allow for chromatic 
adaptation under each light environment (Kelber et al., 2003; Endler & Mielke, 2005; 
Cole & Endler, 2015b). Not taking into account colour constancy (i.e., independent 
rescaling of receptor signals under changes in light environment) could lead to biased 
and misleading results. 
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Section S4.5: Guppy visual system and calculation of ΔS between adjacent patches 
The retina of the guppy forms a regular mosaic (Long, 1993) and this yields 
photoreceptor abundances ratios of 1:1:2:2 for UVS, SWS, MWS and LWS respectively 
(Long, 1993; Laver & Taylor, 2011). We conservatively used 0.2 as the standard 
deviation of the noise in a single receptor cell ( i.e., numerator of the Weber fraction- 
“σ” in equation 1 of Olsson et al., 2015) to calculate receptor noise; this is more 
conservative than the other frequently used 0.1 in that it requires larger differences 
in colour or luminance to yield a JND.  
We used the ∆S between two adjacent colour classes and measured the total 
length of the contact line. Then, we combined the pairs of ∆S and their lengths to 
calculate the weighted mean of ∆S over the entire guppy pattern. Only coloured 
patches sharing a common boundary were used to estimate ∆S. When body colour 
was adjacent to a coloured patch the ∆S between that colour and the body colour 
was calculated. m∆S is thus a contrast measure of the entire male pattern based on 
which colours are in contact and cv∆S a measure of contrast homogeneity across the 
male pattern. A higher cv∆S indicates variable edge contrast across the male colour 
pattern. 
We calculated chromatic and achromatic ∆S values separately to obtain 
chromatic and achromatic m∆S and cv∆S. This is because the colour contrast of a 
male pattern is a combination of chromatic and achromatic cues which are processed 
separately by the visual system. Chromatic cues are detected by all four visual cone 
classes while achromatic cues are detected only by the double cones. We calculated 
∆S for chromatic visual channels, using all four guppy cone classes, and achromatic 
∆S using the guppy double cones (Endler et al., 2018). Chromatic ∆S represents the 
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combined differences of hue and chroma between adjacent patches while 
achromatic ∆S represents the luminance difference of adjacent patches. Both 
chromatic and achromatic signals are probably combined to produce a behavioural 
response, at least in vertebrates (Olsson et al., 2018). 
Even though in some cases the length of the boundary can be affected by 
patch sizes, this is not necessarily monotonic for three reasons.  First, the larger a 
given patch area, the smaller its relative perimeter length. Second, and more 
important, the larger a given patch the more likely it will come into contact with 
several other colours, and the larger it is the more other patches it will come into 
contact with. This means that the boundary lengths between particular colour pairs 
will probably not increase with patch size, and might even decrease, depending upon 
patch density.  Third, the shape of the boundary with an adjacent patch can vary 
greatly. A smaller patch having a wavy surface can have a larger boundary with the 
adjacent patch than two adjacent patches of the same sizes with smooth or straight 
edges. In the same way, a striped pattern can vary greatly in stripe width without 
changing the boundary length with the following stripe. The relationships between 
patch size and boundaries with other patches would bear further investigation.  Here 
we are explicitly asking about the effects of patch boundaries as a combination of 
their length and their contrast intensity (∆S). 
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Section S4.6: Statistical formula used to test the effect of the contrast measure on 
male attractiveness 
(1) lmer (log (TimeWithMale) ~ MLuminance +MChroma + LightEnvironment + 
MaleResponse + MalePositionTank + MLuminance: LightEnvironment 
+MChroma: LightEnvironment+ MLuminance: MaleResponse +MChroma: 
MaleResponse +MLuminance: MalePositionTank +MChroma: 
MalePositionTank +trial + (1|Female)) 
(2)  lmer (log (TimeWithMale) ~ CVLuminance +CVChroma + LightEnvironment + 
MaleResponse + MalePositionTank + CVLuminance: LightEnvironment 
+CVChroma: LightEnvironment+ CVLuminance: MaleResponse +CVChroma: 
MaleResponse +CVLuminance: MalePositionTank +CVChroma: 
MalePositionTank + trial +  (1|Female)) 
(3) lmer (log (TimeWithMale) ~ Achromatic mΔS + Chromatic mΔS + 
LightEnvironment + MaleResponse + MalePositionTank + Achromatic mΔS: 
LightEnvironment + Chromatic mΔS: LightEnvironment + Achromatic mΔS: 
MaleResponse + Chromatic mΔS: MaleResponse + Achromatic mΔS: 
MalePositionTank + Chromatic mΔS: MalePositionTank + trial +  (1|Female))) 
(4) lmer (log (TimeWithMale) ~ Achromatic cvΔS + Chromatic cvΔS + 
LightEnvironment + MaleResponse + MalePositionTank + Achromatic cvΔS: 
LightEnvironment + Chromatic cvΔS: LightEnvironment + Achromatic cvΔS: 
MaleResponse + Chromatic cvΔS: MaleResponse + Achromatic cvΔS: 
MalePositionTank + Chromatic cvΔS: MalePositionTank + trial +  (1|Female))) 
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Supplementary figures  
 
Figure S4.1: Irradiance of the three light environments: blue, broad spectrum (Control) and 
red (in μmol photons m-1 sec-1 nm-1). Note the different vertical axes; the areas under the 
curves (total irradiance) are very similar (see text). 
 
  
Figure S4.2: Experimental tank. Males were placed in chambers at positions 1 (left), 2 
(middle) and 3 (right). The female is shown in front of the chambers. The preferences zones 
are indicated by the dashed lines. Please note that the diagram is not to scale. 
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Figure S4.3: Spectral reflectance curves of the eight colour classes and body colour measured on Males guppies with Ocean Optics USB2000+ spectrometer. The 
data were obtained from Cole and Endler (2015) and from supplementary measurements by Dr. Gemma Cole performed in 2016. The same methods were used.  
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Figure S4.4: Effect of the male chamber’s position on the time that females spent with males. 
The dots represent the mean in each light environment, n=102 at each position. Linear 
models reveal differences between light environments, denoted by different letters. 
  
 
Chapter 4                                                                                                                                   -  194 -  
 
 
Figure S4.5:  Diagram of pattern showing how to obtain low and high luminance OPC and BSA (achromatic ΔS) across an animal pattern. Examples of fish displaying 
low and high values of mean luminance and low and high values of mΔS under the broad spectral light environment are presented.  
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Supplementary tables 
The variance of contrast values are presented in the following table (Table 
S4.1). The mean is calculated as the mean of all the variance within group under one 
light environment, the minimum and maximum are the minimum and maximum 
variance values within one group under one light environment. 
 
Table S4.1: Within male group variance under each of the light environment for the different 
colour pattern parameters. 
 
Variance 






mean 1.20*10-02 2.65*10-05 6.12*1002 0.97 0.06 
minimum 3.39*10-04 7.30*10-07 2.10*10-01 0.01 3.67*10-04 
maximum 4.85*10-02 9.43*10-05 1.20*1004 5.61 0.23 
broad 
spectrum 
mean 1.24*10-02 5.31*10-05 1.71*1003 0.90 0.13 
minimum 1.90*10-05 1.05*10-06 2.36*1001 0.02 0.01 
maximum 5.98*10-02 3.07*10-04 1.18*1004 3.52 0.37 
red 
mean 1.30*10-02 6.14*10-05 1.36*1004 0.90 0.13 
minimum 3.37*10-04 2.89*10-06 9.03*10-01 0.02 5.29*10-04 
maximum 7.57*10-02 3.92*10-04 4.09*1004 3.52 0.44 
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Table S4.2: Effect of the light environment on OPC contrast measures expressed as the 
difference between pairs of light environments. Results from the linear mixed model and 





 4.2a          Mean Luminance   4.2b                       CV Luminance  
 β coef SE DF t  P    β coef SE DF t P   
Blue-Red 0.20 0.02 219 10.79 <0.001 B<R  -0.08 0.01 219 -7.66 <0.001 B>R 
Blue-BS 0.16 0.02 219 7.37 <0.001 B<BS  -0.08 0.01 219 -6.61 <0.001 B>BR 
BS-Red 0.04 0.02 219 1.86 0.15 BS-R  1*10-6 0.01 219 0.00 1 BS-R 
              
 4.2c            Mean Chroma   4.2d                    CV Chroma  
 β coef SE DF t  P    β coef SE DF t P   
Blue-Red 0.03 0.001 219 25.29 <0.001 B<R  -0.35 0.019 219 -17.92 <0.001 B>R 
Blue-BS 0.02 0.001 219 17.86 <0.001 B<BS  -0.24 0.02 219 -10.75 <0.001 B>BS 
BS-Red 0.005 0.001 219 3.80 <0.001 BS<R  -0.11 0.02 219 -4.53 <0.001 BS>R 
              
 4.2e           Mean Hue (circular ANOVA)   4.2f                        CV Hue  
 F SS MS DF P    β coef SE DF t P   
Blue-Red 
1679 147.26 73.63 2 <0.001 NA 
 -0.08 0.03 219 -2.48 0.036 B>R 
Blue-BS  0.15 0.04 219 4.16 <0.001 B<BS 
BS-Red  -0.22 0.04 219 -6.06 <0.001 BS>R 
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Table S4.3: Effect of light environment on male pattern achromatic and chromatic mΔS and 
cvΔS, expressed as the difference between pairs of light environments. Results from the 
linear mixed model. Significant results are in bold, BS= broad spectrum. β coef= β coefficient. 
 
 4.3a              Achromatic mΔS    4.3b                Achromatic cvΔS   
 β coef SE DF t P    β coef SE DF t  P   
Blue-Red -0.45 0.16 219 -2.93 0.011 B>R  0.02 0.01 219 1.59 0.250 B-R 
Blue-BS -0.33 0.18 219 -1.82 0.165 B-BS  0.05 0.02 219 2.99 0.009 B<BS 
BS-Red -0.13 0.19 219 -0.68 0.775 BS-R  -0.03 0.02 219 -1.56 0.265 BS-R 
              
 4.3c                  Chromatic mΔS    4.3d                   Chromatic cvΔS   
 β coef SE DF t  P    β coef SE DF t P   
Blue-Red 1.28 0.05 219 23.83 <0.001 B<R  -0.12 0.01 219 -10.61 <0.001 B>R 
Blue-BS 1.08 0.06 219 17.44 <0.001 B<BS  -0.08 0.01 219 -5.90 <0.001 B>BS 
BS-Red 0.19 0.06 219 3.00 0.008 BS<R  -0.04 0.01 219 -3.12 0.006 BS>R 
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Table S4.4a: Effect of male position and male response on his attractiveness. Results from 
the reduced OPC linear mixed model with female added as a random factor. Significant 
results are bolded. AIC=528.65 
Fixed effects β coefficient SE DF t  P 
Intercept 2.1 0.07 163.64 31.52 <0.001 
Male response 0.04 0.03 298.43 1.85 0.07 
Position(middle>left) -0.3 0.08 270.41 -3.56 0.001 
Position (right-left) -0.9 0.08 270.34 -1.13 0.26 
Position (right<middle) 0.19 0.08 271.96 2.41 0.02 
Random effects Variance Std. Dev.    
Female 0.01 0.11    
Residuals 0.29 0.54    
 
Table S4.4b. Effect of mean luminance, mean chroma, male position and male response on 
his attractiveness. Results from the OPC linear mixed model with female added as a random 
factor before backward elimination of non-significant effects. AIC=517.57 
Fixed effects Estimate SE DF t value P 
Intercept 1.84 0.94 287.63 1.95 0.05 
Mean luminance 0.57 0.61 287.99 0.94 0.35 
Mean chroma -13.01 10.02 278.30 -1.30 0.20 
Light (red- br.spec) 2.09 1.45 283.65 1.44 0.15 
Light (br.spec -blue) 0.11 1.31 287.38 0.09 0.93 
Light (red-blue) 2.20 1.16 279.46 1.90 0.06 
Male response 0.26 0.24 287.98 1.06 0.29 
Position(2-1=middle-left) 0.33 0.84 281.04 0.40 0.69 
Position (3-2=right-middle) -1.03 0.89 279.58 -1.15 0.25 
Position (3-1=right-left) -0.69 0.83 278.56 -0.83 0.41 
Mean lum*Light (br.spec -blue) -0.35 0.74 287.92 -0.48 0.63 
Mean lum*Light (red-blue) -1.05 0.63 285.17 -1.69 0.09 
Mean lum*Light (red- br.spec) -0.70 0.81 280.60 -0.86 0.39 
Mean chroma*Light (br.spec -blue) 8.71 13.05 285.22 0.67 0.51 
Mean chroma*Light (red-blue) -7.10 12.16 277.69 -0.58 0.56 
Mean chroma*Light (red- br.spec) -15.81 13.55 280.60 -1.17 0.24 
Mean lum*Position(2-1=middle-left) -0.69 0.62 283.90 -1.12 0.26 
Mean lum*Position (3-2=right-middle) 0.82 0.65 281.82 1.27 0.20 
Mean lum*Position (3-1=right-left) 0.13 0.61 283.15 0.22 0.83 
Mean chroma*Position(2-1=middle-left) 9.67 6.97 275.18 1.39 0.17 
Mean chroma*Position (3-2=right-middle) -1.86 6.83 272.91 -0.27 0.79 
Mean chroma*Position (3-1=right-left) 7.80 7.03 275.00 1.11 0.27 
Mean lum*Male response -0.09 0.17 287.52 -0.54 0.59 
Mean chroma*Male response -1.51 2.14 284.95 -0.71 0.48 
Random effects Variance Std. Dev.    
Female 0.02 0.12    
Residuals 0.29 0.54    
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Table S4.4c. Effect of CV luminance, chroma and hue, male position and male response on 
his attractiveness. Results from the OPC linear mixed model with female added as a random 
factor before backward elimination of non-significant effects. AIC=558.59 
 
Fixed effects Estimate SE DF t value P 
Intercept 2.03 0.66 280.54 3.06 0.002 
CV luminance -0.92 1.08 277.67 -0.85 0.395 
CV chroma 0.69 0.46 281.55 1.48 0.141 
CV hue 0.19 0.35 279.45 0.53 0.597 
Light (br.spec -blue) -0.38 0.89 276.99 -0.43 0.666 
Light (red-blue) 0.20 0.72 278.99 0.28 0.783 
Light (red- br.spec) 0.58 0.81 277.04 0.72 0.474 
Male response 0.13 0.15 279.86 0.90 0.372 
Position(2-1=middle-left) -0.46 0.52 275.68 -0.90 0.368 
Position (3-1=right-left) 0.38 0.54 270.69 0.71 0.481 
Position (3-2=right-middle) 0.85 0.52 271.68 1.62 0.106 
CV luminance*Light (br.spec -blue) 1.08 1.63 278.31 0.66 0.508 
CV luminance*Light (red-blue) 0.29 1.42 281.94 0.21 0.838 
CV luminance*Light (red- br.spec) -0.79 1.87 279.91 -0.42 0.674 
CV chroma*Light (br.spec -blue) -0.03 0.79 282.00 -0.03 0.974 
CV chroma*Light (red-blue) -0.49 0.72 273.94 -0.67 0.501 
CV chroma*Light (red- br.spec) -0.46 0.93 281.90 -0.50 0.621 
CV hue*Light (br.spec -blue) -0.16 0.43 282.00 -0.37 0.712 
CV hue*Light (red-blue) -0.62 0.84 281.89 -0.74 0.459 
CV hue*Light (red- br.spec) -0.47 0.90 278.29 -0.52 0.605 
CV luminance*Position(2-1=middle-left) 0.39 1.17 281.29 0.33 0.740 
CV luminance*Position (3-1=right-left) -0.27 1.20 276.03 -0.23 0.820 
CV luminance*Position (3-2=right-middle) -0.66 1.18 278.35 -0.56 0.574 
CV chroma*Position(2-1=middle-left) 0.09 0.43 274.76 0.21 0.835 
CV chroma*Position (3-1=right-left) -0.47 0.43 267.33 -1.09 0.275 
CV chroma*Position (3-2=right-middle) -0.56 0.43 270.46 -1.29 0.197 
CV hue*Position(2-1=middle-left) -0.23 0.37 280.92 -0.61 0.541 
CV hue*Position (3-1=right-left) -0.09 0.40 279.24 -0.21 0.830 
CV hue*Position (3-2=right-middle) 0.14 0.41 274.50 0.34 0.732 
CV luminance*Male response -0.54 0.32 274.69 -1.68 0.094 
CV chroma*Male response 0.24 0.12 280.84 1.97 0.050 
CV hue*Male response 0.00 0.11 278.17 -0.04 0.967 
Random effects Variance Std. Dev.    
Female 0.01 0.11    
Residuals 0.3 0.55    
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Table S4.5a. Effect of Mean achromatic and chromatic ΔS, male position and male response 
on his attractiveness. Results from the BSA linear mixed model with female added as a 
random factor before backward elimination of non-significant effects. AIC full model=589.90, 
AIC reduced model (Table S4.4) = 528.65 
 
Fixed effects Estimate SE DF t value P 
Intercept 3.73 1.09 285.42 3.43 0.001 
Achromatic mΔS -0.05 0.08 284.37 -0.60 0.549 
Chromatic mΔS -0.66 0.25 283.71 -2.65 0.009 
Position(2-1=middle-left) 0.13 0.94 283.86 0.14 0.890 
Position (3-1=right-left) 0.57 0.96 281.10 0.59 0.555 
Position (3-2=right-middle) 0.44 0.96 280.20 0.46 0.647 
LightTreatment (br.spec -blue) -0.49 1.60 288.00 -0.31 0.761 
LightTreatment (red-blue) -2.50 1.19 285.80 -2.11 0.036 
LightTreatment (red- br.spec) -2.02 1.55 287.98 -1.30 0.193 
Male response 0.02 0.27 285.61 0.07 0.942 
Achromatic mΔS*LightTreatment (br.spec -blue) 0.02 0.11 287.79 0.14 0.891 
Achromatic mΔS*LightTreatment (red-blue) 0.16 0.08 286.74 1.97 0.049 
Achromatic mΔS*LightTreatment (red- br.spec) 0.14 0.11 286.74 1.32 0.188 
Chromatic mΔS*LightTreatment (br.spec -blue) 0.34 0.31 287.90 1.10 0.272 
Chromatic mΔS*LightTreatment (red-blue) 0.54 0.28 283.40 1.94 0.053 
Chromatic mΔS*LightTreatment (red- br.spec) 0.20 0.27 287.34 0.73 0.468 
Achromatic mΔS*Position(2-1=middle-left) -0.06 0.08 284.91 -0.72 0.470 
Achromatic mΔS*Position (3-1=right-left) -0.09 0.08 282.58 -1.07 0.286 
Achromatic mΔS*Position (3-2=right-middle) -0.03 0.08 282.01 -0.40 0.693 
Chromatic mΔS*Position(2-1=middle-left) 0.08 0.12 270.65 0.62 0.534 
Chromatic mΔS*Position (3-1=right-left) 0.11 0.13 268.97 0.86 0.393 
Chromatic mΔS*Position (3-2=right-middle) 0.03 0.12 269.39 0.25 0.802 
Achromatic mΔS*Male response 0.01 0.02 281.40 0.23 0.820 
Chromatic mΔS*Male response -0.02 0.04 287.61 -0.38 0.703 
Random effects        
Female 0.009 0.1    
Residuals 0.3 0.55    
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Table S4.5b. Effect of CV achromatic and chromatic ΔS, male position and male response on 
his attractiveness. Results from the BSA linear mixed model with female added as a random 
factor before backward elimination of non-significant effects. AIC full model=543.83, AIC 
reduced model (Table 4.1) = 522.43 
 
 
Fixed effects Estimate SE DF t value P 
Intercept 1.22 0.91 288.00 1.34 0.181 
Achromatic cvΔS 0.10 0.78 285.45 0.12 0.902 
Chromatic cvΔS 1.22 0.91 286.82 1.35 0.179 
Position(2-1=middle-left) -0.61 0.92 274.18 -0.66 0.510 
Position (3-1=right-left) -0.61 1.02 273.23 -0.60 0.547 
Position (3-2=right-middle) 0.00 0.98 273.57 -0.01 0.996 
LightTreatment (br.spec -blue) 1.45 1.66 278.42 0.87 0.383 
LightTreatment (red-blue) 0.16 1.15 279.48 0.14 0.886 
LightTreatment (red- br.spec) -1.29 1.86 288.00 -0.69 0.489 
Male response -0.02 0.28 283.13 -0.09 0.930 
Achromatic cvΔS*LightTreatment (br.spec -blue) -0.74 1.18 287.91 -0.63 0.531 
Achromatic cvΔS*LightTreatment (red-blue) 0.02 0.93 283.31 0.02 0.985 
Achromatic cvΔS*LightTreatment (red- br.spec) 0.76 1.33 275.95 0.57 0.568 
Chromatic cvΔS*LightTreatment (br.spec -blue) -1.41 1.73 279.84 -0.82 0.416 
Chromatic cvΔS*LightTreatment (red-blue) -0.18 1.29 287.29 -0.14 0.892 
Chromatic cvΔS*LightTreatment (red- br.spec) 1.24 2.02 284.75 0.61 0.541 
Achromatic cvΔS*Position(2-1=middle-left) 0.50 0.87 285.17 0.58 0.563 
Achromatic cvΔS*Position (3-1=right-left) 0.45 0.94 278.58 0.49 0.628 
Achromatic cvΔS*Position (3-2=right-middle) -0.05 0.89 282.42 -0.05 0.958 
Chromatic cvΔS*Position(2-1=middle-left) 0.04 0.90 269.56 0.05 0.963 
Chromatic cvΔS*Position (3-1=right-left) 0.40 0.98 275.36 0.41 0.685 
Chromatic cvΔS*Position (3-2=right-middle) 0.35 0.94 268.79 0.38 0.707 
Achromatic cvΔS*Male response -0.01 0.26 272.37 -0.06 0.956 
Chromatic cvΔS*Male response 0.12 0.28 287.89 0.42 0.674 
Random effects        
Female 0.007 0.08    
Residuals 0.3 0.55    
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Table S4.6. Homogeneity of the BSA and OPC contrast measure for the males presented at 
the three positions: right, middle and left. P=Position. 
 
OPC 
          Position N Mean SD SE CI 
 1 left 102 189.5186 112.9674 11.18544 22.18891 
Mean Hue 2 middle 102 185.0098 115.8845 11.47428 22.76188 
 3 right 102 185.5539 114.1266 11.30022 22.4166 
        
 1 left 102 1.585859 0.160631 0.015905 0.031551 
Mean Luminance 2 middle 102 1.604458 0.147776 0.014632 0.029026 
 3 right 102 1.587877 0.147837 0.014638 0.029038 
        
 1 left 102 0.050172 0.012873 0.001275 0.002528 
Mean Chroma 2 middle 102 0.049992 0.014359 0.001422 0.00282 
 3 right 102 0.050229 0.013623 0.001349 0.002676 
        
 1 left 102 0.231852 0.216397 0.021426 0.042504 
CV Hue 2 middle 102 0.212163 0.226126 0.02239 0.044415 
 3 right 102 0.197342 0.193472 0.019157 0.038002 
        
 1 left 102 0.490727 0.074565 0.007383 0.014646 
CV Luminance 2 middle 102 0.485533 0.080189 0.00794 0.015751 
 3 right 102 0.488596 0.073166 0.007245 0.014371 
        
 1 left 102 0.702332 0.204648 0.020263 0.040197 
CV Chroma 2 middle 102 0.68699 0.209484 0.020742 0.041147 
 3 right 102 0.693943 0.200586 0.019861 0.039399 
 
BSA 
 Position N Mean ΔS SD SE CI 
 1 left 102 0.6386914 0.0901206 0.0089233 0.0177014 
Chromatic CV ΔS 2 middle 102 0.6383572 0.0984679 0.0097498 0.0193409 
 3 right 102 0.6279955 0.0894926 0.0088611 0.017578 
        
 1 left 102 2.189941 0.6331305 0.0626893 0.1243586 
Chromatic Mean ΔS 2 middle 102 2.213804 0.7272709 0.0720106 0.1428496 
 3 right 102 2.272863 0.700887 0.0693982 0.1376673 
        
 1 left 102 0.6219672 0.0938844 0.0092959 0.0184407 
Achromatic CV ΔS 2 middle 102 0.6215154 0.1042955 0.0103268 0.0204856 
 3 right 102 0.6394147 0.0940608 0.0093134 0.0184753 
        
 1 left 102 10.057608 1.022753 0.1012676 0.2008877 
Achromatic Mean ΔS 2 middle 102 10.046784 1.144428 0.1133152 0.2247869 
 3 right 102 9.863843 1.004634 0.0994736 0.1973288 
 




The role of pattern geometry in mate choice 
In preparation for Animal Behaviour 
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5.1 Abstract 
The presence of various combinations of adjacent colours within colour 
pattern polymorphic species could have a major impact on mate choice. We studied 
the role of pattern geometry in predicting mate choice in guppies using boundary 
strength analysis (BSA). BSA estimates the visual contrast intensity between two 
adjacent colour patches (ΔS) weighted by the lengths of the boundaries between 
these adjacent colour patches. We measured both the chromatic (hue and 
saturation) and achromatic (luminance) ΔS for each pair of adjacent patches. For each 
male’s colour pattern, we measured BSA as both mean (mΔS) and coefficient of 
variation (cvΔS) of all ΔS weighted by their corresponding boundary lengths. We also 
determined if specific colour patch boundaries had an impact on female preferences 
and whether these predicted overall male contrast (mΔS). We found that males with 
a higher mΔS were more attractive to females and that six boundaries containing 
either fuzzy black or black as one of the pair colours significantly affected female 
preferences. 
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5.2 Introduction 
Colour patterns are used to make behavioural decisions linked to survival and 
reproduction (Endler, 1978; Endler & Basolo, 1998; Stevens & Cuthill, 2006; Osorio & 
Vorobyev, 2008; Kemp et al., 2015). The study of colour-mediated behaviours is 
essential in understanding the mechanism underlying colour pattern evolution. Most 
previous studies have analysed the impact of some or all of colour patterns on animal 
behaviour, but have not focussed on the geometry of the pattern (Endler, 1980; 
Pauers et al., 2004; Endler & Mielke, 2005; Kemp et al., 2008). Here, we explore the 
previously neglected effects of contrast between adjacent coloured patches (Endler, 
2012; Endler et al., 2018). This is important because adjacent patches strongly 
stimulate receptor fields, which detect local changes in colour and luminance (Elder 
& Sachs, 2004; Stevens & Cuthill, 2006; Endler, 2012; Troscianko et al., 2017; Endler 
et al., 2018). We use a novel method called Boundary Strength Analysis or BSA (Endler 
et al., 2018) to explore the effects of colour patch adjacency that influence female 
mate choice in guppies.   
 
BSA describes the intensity of local contrast across the male pattern in term 
of mean or CV ΔS (mΔS and cvΔS respectively, Endler et al., 2018). A high mΔS 
indicates that the colour pattern possesses highly contrasted boundaries throughout 
his pattern and a high cvΔS indicates that the colour pattern varies in boundary 
contrast; some boundaries have high contrast and others have low contrast across 
his pattern. We used the RNL model (Vorobyev & Osorio, 1998) to estimate the 
sensed distance (ΔS) between all combinations of adjacent pairs in the guppy male 
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pattern. The RNL model estimate the sensed difference between two adjacent colour 
patches. A given individual is theoretically able to discriminate between two colour 
stimuli when ΔS≥1. We calculated chromatic and achromatic ∆S values separately 
because the colour contrast of a male pattern is a combination of chromatic and 
achromatic cues which are processed separately by the visual system and their 
geometric patterns are very different (Endler et al., 2018). Chromatic ∆S represents 
the combined differences of hue and chroma between adjacent patches while 
achromatic ∆S represents the luminance difference of adjacent patches. Both 
chromatic and achromatic signals are probably combined to produce a behavioural 
response, at least in vertebrates (Olsson et al., 2018). 
 
Our previous study showed that this method was successful in predicting 
mate choice in guppies (Sibeaux et al., forthcoming). The previous experiment was 
performed in three light environments in order to create a wide variation in male’s 
visual appearance as a strong test of the method. However, those light environments 
did not contain UV wavelength, a natural light component used in guppy mate choice 
(Smith et al., 2002; Archard et al., 2009). Consequently, part of the colouration 
information used by female guppies could have been missing in the former 
experiment.  
 
In addition, we do not yet have any information on the relative effects of 
boundary contrast intensity or length on BSA contrast measures, or if individuals use 
this information to select a mate. In this experiment, we tested if BSA predicts mate 
choice under a light environment simulating natural conditions. We investigated (1) 
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if boundary strength analysis is a good predictor of mate choice under a light 
mimicking a natural light environment (broad spectrum light including UV), (2) if the 
length of boundaries between adjacent colour pairs affect mate choice, (3) to what 
extent lengths or intensities between adjacent colour patches are effective predictors 
of BSA? We also investigated whether particular adjacent colour combinations had 
strong or weak effects on both chromatic and achromatic BSA measures and female 
choice. 
 
We used the guppy (Poecilia reticulata) as our biological model because males 
display a high colour pattern polymorphism, and male coloration is assessed by 
females during mate choice (Endler, 1980, 1983; Gamble et al., 2003; Cole & Endler, 
2015). Males have three types of colour spots whose production is dependent upon 
different mechanisms: (i) carotenoid-pteridine pigments such as orange or yellow, 
which are partially dependent upon carotenoid intake in the diet (Kodric-Brown, 
1985; Grether et al., 2001); their colour thus varies strongly with diet (Endler, 1980; 
Kodric-Brown, 1989; Grether et al., 2005), (ii) melanin-based pigments such as black 
spots that can serve as signal amplifiers (Brooks, 1996), and (iii) structural colours, for 
example blue, which are highly conspicuous to conspecifics and predators (Endler, 
1980). Male colouration is also strongly dependent upon genetics through X and Y 
linkage (Endler, 1980; Brooks and Endler, 2001; Eakley and Houde, 2004)(Endler, 
1980; Brooks and Endler, 2001; Eakley and Houde, 2004) .  
 
We presented 60 males to each of the eight females used in the experiment 
in order to obtain high preference estimate accuracy. We hypothesized that (1) BSA 
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contrast measures should predict male attractiveness, (2) boundaries which possess 
a higher contrast might have a stronger effect on male attractiveness than lower 
contrast boundaries, (3) The length of a boundary should be a better predictor than 
its intensity. This is because ΔS between two given colour patches is constant but 
males vary in patches adjacency and patch boundary lengths. 
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5.3 Material and methods  
5.3.1 Animal husbandry 
The guppies (Poecilia reticulata) used in this experiment came from a well-
established laboratory population (seven years old or 14–28 generations given 
generation overlap).  The population originated from a wild population of fish caught 
at Alligator Creek, Bowling Green Bay National Park, Queensland, Australia 
(19°26.79’S 146°58.65’E). To control for age, 240 mixed sex juveniles (approximately 
one-month-old with a ~1:1 sex ratio), were randomly assigned to one of three 196-
litre glass tanks (80 juveniles per tank), 13 months prior to the beginning of the 
experiment. These control-age tanks were illuminated by high-frequency fluorescent 
lamps following a 12-hour light-dark cycle and the fish were fed once a day with flake 
food or brine shrimp. 
5.3.2 Experimental design 
Eight 13-month-old (± 1 month) females were selected randomly from the 
control-aged tanks to be used as focal females for the experiment. Each female was 
housed individually in a (22 x 35.5 x 26 cm) glass aquarium with 1 cm of white gravel 
at the bottom, 14 cm deep water and continuous air flow. Temperature and kH were 
maintained constant at 22±1°C and 120±10 respectively. Each tank had an opaque 
partition including a remotely operated sliding door, which created two equally sized 
compartments, the home compartment and the experimental compartment. 
Females could swim through it to reach the experimental compartment during the 
experiment (Figure 5.1). A mirror (12 x 12cm, covering 75% of the left side wall of the 
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home compartment) was placed on one wall of the home compartment to create the 
illusion of a companion fish to prevent social isolation of the focal female (Agrillo et 
al., 2016). To further prevent effects of social isolation, a litre of water from the 
females’ initial stock tank, containing all the chemical cues from the original tank, was 
added to the water of their test aquarium when they were transferred from the 
control-age tanks at the beginning of the study.  
 
All eight aquaria were placed long sides next to each other in a series (Figure 
5.1). White paper sheets were placed on the side walls of the experimental area of 
each tank in order to avoid any visual cues from one fish to another during tests. A 
black curtain was used to separate the experimental area from the rest of the lab, 
thus minimising any disturbances. Each tank was illuminated by an Exo-terra Sunray 
50W reptile light which closely mimicked natural sunlight, including UV (Figure S5.1). 
The tanks were kept under a constant 12-hour light-dark cycle and placed at 102 cm 
distance from the lights.  We measured the irradiance (ambient light) using a cosine-
corrected receptor and an ocean optics USB2000+ spectrophotometer, calibrated for 
photon flux (μmol photons m-1 sec-1 nm-1) with a Li-Cor LI-1800-02 optical radiation 
calibrator (standard lamp, Figure S5.1); for details on irradiance measurments see 
Endler (1990).  
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Figure 5.1: Overview of the experimental setup. The apparatus included eight tanks (only two 
shown). A curtain separating the experimenter and the tanks. The right panel shows an 
individual tank divided into an experimental area and a living area. The partition includes a 
sliding door (black polygon), and there is a mirror in the living area side wall (pale rectangle). 
Male chambers are presented on the right (R), middle (M) and left (L) from the female point 
of view.  
 
5.3.3 Testing procedure 
We tested how the intensity of boundaries between adjacent patches and 
particular combinations of adjacent colour patches in male patterns, affect their 
attractiveness to female guppies. 60 males were chosen randomly from four different 
stock tanks and were allocated to one of the 20 groups of three males (“trio”, labelled 
A to T). In each trio, each male displayed a different pattern contrast according to the 
human eye.  
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Males were transferred from their stock tanks to individual 3L tanks two days 
before their first experimental trial for acclimation. Before each test, males were 
transferred from their 3L tanks to individual chambers of 8 x 8 x 12.5 cm. These 
chambers had 1cm of white gravel at the bottom and 8.5 cm of water. The side and 
back walls of these chambers were covered with back plastic sheets. In every 
chamber, 5ml of water coming from the male’s stock tank was added, to reduce 
stress and bring chemical cues mimicking the presence of other fish.  These three 
chambers were placed at the experimental section of the test tank opposite the 
sliding door (Figure 5.1). 
 
We ran 160 mate choice trials. Each female saw each of the 20 trios of males 
in the same order (Table S5.1). Each female saw four groups of males per day and 
each male saw four females. A gap of 48 hours was allowed before a female saw 
another four sets of male trios. For the sake of consistency, if a set of four male 
groups presented at a certain time (am or pm) to the four first females then it was 
presented at the same time to the other four females 48 hours later. However, the 
order that females were used in changed for each sessions. This way, all females had 
the chance to be in the first time position at least once (Table S5.1). We used this 
design to control for male motivation.  
 
We conducted trials as follows. Males were transferred to their individual 
chambers, which were placed in front of the experimental areas of the females’ tanks 
(Figure 5.1) for 10 minutes of acclimatisation. Males were assigned randomly to the 
right, middle or left chamber. Next the sliding door was opened, allowing the female 
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to enter the experimental area where she could see the males; the door was closed 
after the female entered this compartment. Females were allowed to swim freely in 
the experimental area whilst viewing the males. After 20 minutes the trial stopped, 
the door was opened and the female was gently ushered back to her home 
compartment. The trials were recorded from above, using Panasonic HC-V100 and 
JVC HD Everio video cameras. Prior to all sessions, males and females were fed ad 
libitum. The morning sessions lasted from 8:30 am until 12:30 pm whereas the 
afternoon tests were between 1 pm and 5 pm.  
 
During this experiment, three males had to be replaced by new ones because 
they showed erratic swimming or constant swimming near the water surface. This 
increased the number of males in the experiment to 63. 
5.3.4 Male photography and pattern assessment 
Once males finished all behavioural trials, they were photographed following 
the methods in Cole & Endler (2015), see Supplementary materials Section S5.1 for 
details. The photographs were then analysed with Adobe Photoshop CS5.1 and 
MATLAB (as in Cole and Endler, 2015). Within Photoshop we manually outlined the 
total fish area (i.e., from the head to the end of the caudal peduncle), the tail fin area 
(i.e., starting at the caudal peduncle) and the area of eleven distinct colour classes: 
black and yellow reticulation (present on the tail of the fish), black, fuzzy black, 
yellow, orange, gold, silver, green, blue and violet, and saved the outlines in a 
multilayer PSD file. The colour classes were based upon reflectance spectra (Figure 
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S5.2). In this population we have found no colours which reflect in the UV but do not 
reflect in the visible, making human-visual assignment to classes and patch outlining 
feasible. We used MATLAB to read the PSD file layers and to extract the relative 
colour area measurements, the numbers of transitions between colours, and lengths 
of each transitions in the pattern (Endler, 2012; Endler et al., 2018). Because of the 
high degree of symmetry between the left and right sides, only the right side colour 
pattern was analysed. We used the relative colour areas (colour area/total body + tail 
area) for subsequent calculations. 
5.3.5 Male BSA pattern contrast measurement 
We determined male colour pattern contrast using the Boundary Strength 
Analysis method (BSA), which gives an estimate of the local contrast in the males 
colour pattern (Endler et al., 2018). The strength (intensity of visual contrast) of a 
boundary is estimated by ΔS (sensed distance) between adjacent colour patches 
using the receptor noise model (Vorobyev & Osorio, 1998). ∆S is an estimate of the 
likelihood of colour discrimination between two stimuli; when ΔS=1, two visual 
stimuli are just noticeably different (JND, Vorobyev & Osorio, 1998; Endler & Mielke, 
2005; Kemp et al., 2015). An individual is likely to discriminate one stimulus from the 
other if ΔS≥1. Under this threshold (ΔS<1) the viewer is unlikely to discriminate 
between the two stimuli. We used the formulae in Vorobyev & Osorio (1998) and 
Kelber et al. (2003) to calculate ∆S. BSA takes into account the light environment 
irradiance spectra, the reflectance spectra and relative area of each colour pattern 
component, the spectral sensitivity functions of the guppy photoreceptors and the 
geometry of the colour pattern by considering which colours are adjacent (i.e. having 
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a common boundary).  It uses the intensity (i.e., magnitude of ΔS for a given patch 
contact zone) as well as the length of the boundary between the patches and ignores 
non-adjacent colour pairs (Supplementary material Section S5.2).  
For a given colour pattern, we calculated ∆S for each pair of colour classes 
which shared a common boundary (e.g., orange-black, blue-green). We also 
calculated their common boundary lengths. For each male colour pattern, we 
calculated the mean ∆S of all kinds of adjacent pairs weighted by their total boundary 
length and will refer to this as m∆S.  We also calculated the weighted coefficient of 
variation of ∆S (cv∆S) across the male pattern (Supplementary material Section S5.2, 
Endler et al., 2018). 
Chromatic and achromatic ∆S values were calculated separately (Table S5.2), 
to be able to measure chromatic and achromatic m∆S and cv∆S for each male. 
Chromatic cues are detected by all four visual cone classes while achromatic cues are 
detected only by the double cones. We calculated ∆S for chromatic visual channels, 
using all 4 guppy cone classes, and achromatic ∆S using the guppy double cones (see 
supplement for cone and eye details).  
5.3.6 Video analysis 
To be blind to male colour patterns with respect to behaviour, male BSA 
contrast and videos were analysed independently by different co-authors (AS and TC 
respectively, Appendix 4). 
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Video recordings of the tests were analysed using JWatcherTM 0.9 software 
(Blumstein et al., 2006). Assuming that a female was attracted by a male if she chose 
to be near him, rather than swimming elsewhere, we set up an "area of interest".  An 
area of female interest was defined using a black nylon thread clipped at the top of 
the tank 3 cm away from the front wall of the male chambers. Because the cameras 
filmed from above, this thread delimitated a 3 cm wide and 23cm long zone in the 
experimental chamber in front of the male chambers. Females were recorded as 
being interested in a male when they were in the area of interest, in front of the male, 
directly facing his chamber. If a female was swimming in the area of interest but was 
facing away from the male, or if she was foraging on gravel in this area, she was not 
considered to be interested. Males were said to be interested in a female when they 
swam towards her and when they kept swimming at or very close to the wall facing 
her aquarium, but only if the female showed interest first.  
We measured a male's attractiveness as the time that a female spent with 
him divided by the total time of a trial (20 minutes). Male responsiveness was 
measured as the time that this particular male was responsive to a given female 
divided by the time that the female spent interested in him. 
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5.3.7 Statistical analysis 
All statistical analyses were performed in R (R Core team 2013) with R Studio 
(R Studio 2016, Version 0.99.8). Normality and homogeneity of the residuals were 
successfully verified for each model before further analysis. All tests were conducted 
with alpha = 0.05. 
If a female did not visit all the males at least ocne of the three males during 
the time of the trial, this trial was removed from the data set before analysis (6 trials 
of 160). 
 
Effect of BSA on male attractiveness 
To assess the relationship between male attractiveness and the weighted 
mean and coefficient of variation (CV) of boundary contrast ΔS (hereafter mΔS and 
cvΔS, respectively), we performed a linear mixed model (lmer package lme4, Bates et 
al., 2014). The response variable was the log-transformed male attractiveness. The 
initial models included these fixed factors: male response, position in the tank (from 
the female point of view: left, middle, right, Figure 5.1), the BSA contrast measure 
(either chromatic and achromatic mΔS in a first model, or chromatic and achromatic 
cvΔS, in the second model). We also included, the second order interactions between 
male response, position, day number and each of the BSA variables (Supplementary 
material Section S5.3, formula 1 and 2). We tested 10 different models with different 
random effect structures integrating females (to control for individual motivation), 
BSA measure (to control for the possibility that females had differences in BSA 
preference), day and trial number within each session (to control for the effect of 
time on females motivation). These variables were either included as random 
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intercepts or random slopes (Supplementary material Section S5.3). We compared 
models using the AIC criteria and performed analyses of variance (ANOVAs) between 
each model pairs to check differences between models as factors were removed 
(Zuur et al. 2009).  We did not use AICc because sample sizes were equal or very close 
to being equal. The model structure that fitted our data the best included “females” 
and “day” and as a random slopes and intercepts (model m3 in Supplementary 
material Section S5.3). 
We then performed a backward elimination of non-significant interaction 
terms and compared models using AIC and analysis of variance (ANOVA) at each 
model reduction. Note that the model reduction was performed on the interaction 
only; all single variables were kept in the model. We kept the model with the smallest 
AIC value. We ran a post hoc analysis to control for multiple comparisons using the 
glht function and Holm-Bonferroni adjustment (R package multcomp, Hothorn et al., 
2017)(package multcomp, Hothorn, Bretz and Westfall, 2017).  
 
Effect of colour patch transition length on male attractiveness 
We used a linear mixed model (lmer package lme4, Bates et al., 2014) to assess 
the effect of colour patch combinations on male attractiveness. For each male we 
extracted the lengths of transitions between all observed combinations of colour 
patches from the Photoshop pictures via MATLAB (e.g. length of the transition 
between: black-orange, green-silver, body-fuzzy black). We found 21 transitions 
between the colours black, fuzzy black, body, orange, silver, violet, and green. We did 
not include transitions containing yellow and black reticulations, yellow, blue and 
gold because those colours were rare among males and found only on the fins. For 
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the linear mixed model the response variable was log-transformed male 
attractiveness. The initial models included all 21 transitions (i.e., black-fuzzy black, 
black-body, black-orange, etc.) as fixed factors, and “day” and “females” as the 
random intercept and random slope respectively.  We select the random effects that 
suit the best out model as previously (see m1 to m8 in Supplementary material 
Section S5.3). 
 
 Effects of particular colour patches transition length and ΔS on mean BSA metrics 
To assess the strength of the effect of each kind of colour adjacent pair on the 
BSA measure mΔS we performed a linear model. We used the same transition lengths 
and ΔS between pairs of colour patches as in the previous analysis. 63 Chromatic mΔS 
and 63 Achromatic mΔS, corresponding to the measures performed on the 63 males 
in experiment, were used in the model. The response variable was either Chromatic 
mΔS or Achromatic mΔS measured for each male.  The fixed variables were either the 
length of each of the 21 transition types or the ΔS between each of them. 
 
5.3.8 Ethical Note  
The methods adhered to the ASAB/ABS Guidelines for the Use of Animals in 
Research. All individuals were handled with the highest care to minimise stress. This 
experiment was conducted under Deakin University’s Animal Ethics Committee 
approval number G11-2015. Time under anaesthesia for photography was been 
minimised (less than a minute) and the fish total recovery was assured within two 
minutes in a tank by itself to avoid the risk of attack from conspecific while 
recovering.  
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5.4 Results  
5.4.1 Effect of BSA on male attractiveness 
Males were significantly more attractive when they possessed higher mΔS, 
both chromatic (P=0.014, Table 5.1, Figure 5.2) and achromatic (P=0.007, Table 5.1, 
Figure 5.2). Moreover, a male's response significantly positively affected his 
attractiveness (P<0.001, Table 5.1, Figure S5.3). In addition, we found a significant 
effect of tank position where females spent significantly less time with the males in 
the middle chamber compare to the right and left chambers (P≤0.001, Table 5.1, 
Figure S5.4), and less time with the males in the right chamber compared to the left 
chamber  (P=0.015, Table 5.1, Figure S5.4). We did not find any significant effect of 
the experimental day on the time that females spent with males. 
There was no effect of either chromatic or achromatic cvΔS on male 
attractiveness (Table 5.2). 
Table 5.1: Effect of male chromatic and achromatic mΔS, position, and male response, on his 
attractiveness. Results from the linear mixed model with a females and day as random slope 
and random intercept. Significant results are in bold. SE= standard error, t= t value, DF= 
degrees of freedom, P= p-value, SD= standard deviation. 
Fixed effects β coefficient SE DF t  P 
Intercept -1.74 0.55 104.0 -3.19 0.002 
Chromatic mΔS 0.24 0.10 441.3 2.46 0.014 
Achromatic mΔS 0.10 0.04 441.4 2.72 0.007 
Male response 1.35 0.17 442.2 8.06 <0.001 
Position(middle-left) -0.45 0.08 441.1 -5.85 <0.001 
Position (right-left) -0.19 0.08 441.1 -2.43 0.015 
Position (right-middle) 0.27 0.08 441.1 3.42 0.001 
Day -0.10 0.07 7.2 -1.40 0.204 
Random effects Variance SD R   
Females (intercept) 0.52 0.72    
Day 0.04 0.19 -0.89   
Residuals 0.45 0.67    
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Figure 5.2: Effect of chromatic and achromatic mΔS on male attractiveness. Output from the 
linear mixed model where male attractiveness is the log of the proportion of time in his 
preference zone. Blue areas are 95% CI around the linear regressions. Correlation between 
Chromatic and Achromatic mΔS: R=-0.12, IC95%[-0.21;-0.03] 
 
Table 5.2: Effect of male chromatic and achromatic cvΔS, position and male response, on his 
attractiveness. Results from the linear mixed model with females and day as random slope 
and random intercept (see supplementary material Section S5.3). The full model (containing 
all variables and interactions) had the smaller AIC. SE= standard error, t= t value, DF= degrees 
of freedom, P= p-value, SD= standard deviation. 
Fixed effects β coefficient SE DF t  P 
Intercept 1.43 1.27 417.9 1.13 0.26 
Male response 0.76 3.78 435.9 0.20 0.84 
Chromatic cvΔS -1.23 1.25 435.5 -0.98 0.33 
Achromatic cvΔS -1.30 1.09 435.3 -1.20 0.23 
Position(middle-left) -2.85 1.99 435.2 -1.44 0.15 
Position (right-left) -0.57 1.64 435.3 -0.35 0.73 
Position (right-middle) 2.29 2.02 435.3 1.13 0.26 
Day -0.11 0.07 7.6 -1.45 0.19 
Male response:Chromatic cvΔS -1.02 3.84 436.4 -0.27 0.79 
Male response:Achromatic cvΔS 1.74 3.16 435.6 0.55 0.58 
Chromatic cvΔS:Position(middle-left) 1.64 1.86 435.2 0.88 0.38 
Chromatic cvΔS:Position (right-left) 0.55 1.71 435.2 0.32 0.75 
Chromatic cvΔS:Position (right-middle) -1.08 1.90 435.2 -0.57 0.57 
Achromatic cvΔS:Position(middle-left) 2.31 1.66 435.4 1.39 0.17 
Achromatic cvΔS:Position(right-left) 0.14 1.40 435.3 0.10 0.92 
Achromatic cvΔS:Position(right-middle) -2.18 1.69 435.7 -1.29 0.20 
Random effects Variance SD R   
females (intercept) 0.52 0.72    
Day 0.04 0.19 -0.89   
Residuals 0.46 0.68    
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5.4.2 Effect of colour patches transition length on male attractiveness 
We found significant effects of particular transition lengths on male 
attractiveness when the transitions were between fuzzy black and three colours: 
body, green, violet, and between black and three colours: orange, silver, violet, see 
Table 5.3. Note how some transition lengths increase and others decrease male 
attractiveness. 
 
Table 5.3: Effect of lengths of pairs of adjacent colours on male attractiveness. Results from 
the linear mixed model with female as a random intercept. Significant results are in bold. SE= 
standard error, t= t value, DF= degrees of freedom, P= p-value, SD= standard deviation. 
Fixed effects β coefficient SE DF t  P   
Intercept -0.6701 0.4026 31.1 -1.66 0.106  
Body: Black <0.0001 0.0002 426.0 -0.07 0.947  
Body: Fuzzy Black 0.0003 0.0001 425.6 2.95 0.003  
Body: Orange 0.0002 0.0001 427.0 1.26 0.207  
Body:Green 0.0001 0.0001 425.6 0.68 0.497  
Body:Silver <0.0001 0.0002 427.1 <0.01 1.000  
Body:Violet <0.0001 0.0001 425.4 -0.18 0.858  
Black:FuzzyBlack 0.0010 0.0006 426.0 1.59 0.112  
Black: Orange 0.0022 0.0008 426.2 2.61 0.009  
Black: Green -0.0008 0.0005 425.2 -1.69 0.092  
Black: Silver 0.0055 0.0025 425.2 2.26 0.024  
Black: Violet -0.0019 0.0008 425.3 -2.45 0.015  
Fuzzy Black: Orange -0.0002 0.0002 425.8 -1.06 0.290  
Fuzzy Black: Green -0.0005 0.0002 425.9 -2.27 0.024  
Fuzzy Black:Silver -0.0003 0.0009 425.6 -0.35 0.729  
Fuzzy Black: Violet 0.0004 0.0002 425.7 2.02 0.044  
Orange:Green -0.0002 0.0003 425.2 -0.61 0.542  
Orange: Silver 0.0010 0.0019 426.7 0.55 0.584  
Orange:Violet -0.0001 0.0002 425.8 -0.71 0.481  
Green: Silver -0.0006 0.0006 425.9 -0.95 0.341  
Green:Violet 0.0004 0.0003 425.6 1.28 0.200  
Silver:Violet 0.0008 0.0007 426.7 1.21 0.228  
Day -0.0874 0.0803 8.8 -1.09 0.306  
Random effects Variance SD R    
females (intercept) 0.53 0.73     
Day 0.04 0.20 -0.90    
Residuals 0.54 0.74     
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5.4.3 Effects of particular colour patches transition length and ΔS on mean BSA 
metrics 
We found a significant effect of the transition length on males’ chromatic mΔS 
when the transitions were between fuzzy black and three colours: body, green, violet; 
between body and violet; and between green and violet (Table 5.4a). We found a 
significant effect of ΔS between body colour and silver on chromatic mΔS (Table 
5.4b). 
 
Table 5.4: Effect of boundary lengths (5.4a) and ΔS (5.4b) on Chromatic mΔS. Significant 
results are in bold. coef= coefficient, SE= standard error, t= t value, P= p-value, Resid= 
residuals, DF= degree freedom. 
 (5.4a) Length of the transition  (5.4b) ΔS of the transition 
Fixed effects β coef SE t  P   β coef SE t  P 
Intercept 2.6030 0.1737 14.99 <0.001   2.33 0.41 5.72 <0.001 
Body: Black -0.0001 0.0002 -0.32 0.749  0.05 0.05 0.96 0.345 
Body: Fuzzy Black -0.0002 0.0001 -3.16 0.003  NA NA NA NA 
Body: Orange 0.0001 0.0001 1.02 0.316  0.11 0.11 0.94 0.354 
Body:Green -0.0001 0.0001 -1.42 0.163  -0.11 0.23 -0.47 0.644 
Body:Silver 0.0000 0.0001 -0.44 0.665  -0.14 0.07 -2.14 0.038 
Body:Violet 0.0003 0.0001 3.91 <0.001  0.12 0.09 1.39 0.173 
Black:FuzzyBlack -0.0001 0.0004 -0.37 0.710  -0.04 0.06 -0.72 0.477 
Black: Orange 0.0008 0.0006 1.37 0.179  0.01 0.04 0.17 0.870 
Black: Green 0.0000 0.0003 0.13 0.900  0.02 0.04 0.50 0.617 
Black: Silver -0.0026 0.0018 -1.49 0.145  0.07 0.20 0.35 0.731 
Black: Violet -0.0001 0.0005 -0.20 0.842  0.02 0.04 0.39 0.698 
Fuzzy Black: Orange 0.0000 0.0001 0.31 0.756  -0.17 0.09 -1.99 0.053 
Fuzzy Black: Green -0.0004 0.0002 -2.22 0.032  -0.07 0.10 -0.68 0.498 
Fuzzy Black:Silver 0.0001 0.0006 0.18 0.858  -0.18 0.11 -1.55 0.129 
Fuzzy Black: Violet 0.0003 0.0001 2.30 0.027  -0.01 0.10 -0.06 0.957 
Orange:Green 0.0001 0.0002 0.57 0.575  0.01 0.03 0.52 0.610 
Orange: Silver 0.0019 0.0013 1.49 0.145  0.09 0.07 1.45 0.155 
Orange:Violet -0.0001 0.0001 -0.39 0.700  0.03 0.03 1.02 0.314 
Green: Silver -0.0006 0.0004 -1.40 0.169  0.09 0.08 1.13 0.265 
Green:Violet 0.0006 0.0002 2.75 0.009  -0.03 0.04 -0.70 0.489 
Silver:Violet 0.0001 0.0004 0.20 0.847  0.05 0.04 1.40 0.169 
 Resid SE DF Adjusted R2   Resid SE DF Adjusted R2  
 0.19 41 0.66   0.27 42 0.34  
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We found a significant effect of the transition length on males’ achromatic mΔS when 
the transitions were between body and four colours: black, fuzzy black, orange, silver; 
or between black and orange; or between fuzzy black and three colours: orange, 
green and violet, (Table 5.5a). We found a significant effect of ΔS on achromatic mΔS 
of transitions between body and violet and between black and green on the males’ 
achromatic mean ΔS, (Table 5.5b). 
 
Table 5.5: Effect of pairs of colour patch lengths (5.5a) and ΔS (5.5b) on Achromatic mΔS. 
Significant results are in bold. coef= coefficient, SE= standard error, P= p-value, Resid= 
residuals, DF= degree freedom. 
 (5.5a) Length of the transition  (5.5b) ΔS of the transition 
Fixed effects β coef SE t  P   β coef SE t  P 
Intercept 9.3064 0.4374 21.28 <0.001   12.27 1.03 11.86 <0.001 
Body: Black 0.0026 0.0004 6.11 <0.001  0.004 0.02 0.23 0.821 
Body: Fuzzy Black 0.0004 0.0002 2.41 0.021  NA NA NA NA 
Body: Orange -0.0008 0.0002 -4.10 <0.001  -0.29 0.27 -1.10 0.280 
Body:Green -0.0004 0.0002 -1.83 0.075  -0.08 0.07 -1.10 0.280 
Body:Silver -0.0009 0.0003 -3.59 0.001  -0.12 0.08 -1.47 0.150 
Body:Violet -0.0003 0.0002 -1.66 0.105  -0.54 0.23 -2.40 0.021 
Black:FuzzyBlack -0.0008 0.0010 -0.85 0.401  0.01 0.03 0.31 0.756 
Black: Orange 0.0038 0.0015 2.56 0.014  -0.01 0.01 -0.77 0.444 
Black: Green 0.0017 0.0009 1.96 0.056  0.02 0.01 2.82 0.007 
Black: Silver 0.0050 0.0045 1.13 0.266  0.01 0.01 0.80 0.428 
Black: Violet -0.0007 0.0014 -0.51 0.612  0.01 0.01 0.68 0.502 
Fuzzy Black: Orange 0.0007 0.0003 2.35 0.024  0.02 0.04 0.47 0.639 
Fuzzy Black: Green 0.0020 0.0004 4.94 <0.001  0.01 0.01 0.57 0.571 
Fuzzy Black:Silver -0.0012 0.0016 -0.77 0.448  -0.02 0.02 -1.03 0.310 
Fuzzy Black: Violet 0.0008 0.0004 2.15 0.038  0.09 0.06 1.52 0.137 
Orange:Green -0.0006 0.0005 -1.21 0.234  -0.05 0.06 -0.71 0.481 
Orange: Silver 0.0057 0.0032 1.76 0.085  0.73 0.90 0.82 0.420 
Orange:Violet -0.0006 0.0003 -1.65 0.108  0.43 0.32 1.34 0.188 
Green: Silver -0.0015 0.0011 -1.37 0.179  -0.03 0.09 -0.34 0.735 
Green:Violet -0.0006 0.0005 -1.24 0.221  -0.23 0.14 -1.57 0.125 
Silver:Violet -0.0006 0.0011 -0.58 0.564  -0.33 0.44 -0.75 0.455 
 Resid SE DF Adjusted R2   Resid SE DF Adjusted R2  
 0.49 41 0.7   0.68 42 0.41  
  
 




We evaluated the effect of colour pattern geometry using the sensed intensity 
and lengths of the boundaries between all adjacent colour patches found in male 
guppies, in order to explain their attractiveness to females. We also evaluated the 
effect of all combinations of colour pairs to explain males’ BSA metrics.  
 
 
Effects of male behaviour and location 
Females were more interested in males when the males were responsive.  A 
responsive male may indicate better health and his movements may increase the 
conspicuousness (and therefore attractiveness) of his colour signal (Farr, 1980). 
Guppies are indeed social and gregarious animals that live in big shoals where social 
interaction occurs frequently.  
 
Females preferred males when they were presented on one of the side 
chambers rather than the middle chamber. This could be explained by the general 
dislike of open water area. Indeed, predation risk is higher in the middle of a stream 
than on the sides (Templeton & Shriner, 2004). 
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Effect of BSA on male attractiveness 
We found a significant effect of a male’s BSA contrast measure on his 
attractiveness. This finding was expected, due to the efficiency of strongly contrasted 
adjacent colours in signal transmission. However, contrary to our previous findings 
(Sibeaux et al., forthcoming), we found that attractive males had higher chromatic 
and achromatic mΔS while cvΔS did not affect male attractiveness in this study. There 
are several possible reasons for this difference with the previous work. First, the light 
environment was different between the two studies; the addition of UV wavelengths 
in the present study allows further information contained in UV reflecting patches to 
be available to females. Second, the differences in colour patch reflectance (due to 
difference in matching or mismatching the light environment) directly affected the 
range of values of mΔS and cvΔS; consequently male patterns were variable, and 
would be even if the same males were used in both sets of conditions. Third, males 
were seen by females against a black background in the present experiment but on a 
white background in the previous study. Even though both downwelling and 
sidewelling light (from black or white backgrounds) were taken into consideration in 
the measures of ΔS to allow for sensory adaptation, they can still have strong effects 
on mΔS and cvΔS and hence on female choice.   
In the wild, males display to the females in front of a natural background 
which can vary from light to dark grey (from different rocks and gravel in the stream) 
or could be dark brown (dead leaves or soil) or green (algae). Consequently, there 
may be a range of contrasts for the same male seen against different objects. 
Moreover, females viewing males against a white background, could relate this 
environment to an open water area where predation risk is higher; generating 
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perceived higher predation risk (Templeton & Shriner, 2004). In the current 
experiment, even though the overall light irradiance was higher, the fact that males 
were seen against a black background could give the perception of males being under 
a sheltered place or next to the edge of the stream. It is thus possible that this lead 
to a lower perceived predation risk may and therefore conspicuous males were 
naturally more attractive. Fourth, against a black background males with high mΔS 
were specifically more conspicuous than they would be against a white background 
in general. It has been shown that environmental background can influence mate 
choice based on colour cues (Endler 1983; Lynn & Cole, In Press). Thus, males with a 
higher overall contrast were preferred in our case while there was no effect of 
chromatic or achromatic mΔS in the previous chapter. 
 
The cvΔS did not affect male attractiveness in this experiment. If there was no 
need for a trade-off between being conspicuous to attract mate and being 
inconspicuous to decrease the predator pressure, one hypothesis is that females 
prefer to rely on a stronger cue (higher mΔS is more attractive) than on the cvΔS 
which is more cryptic at a distance and useful only in certain environments where 
there is perception of predators risk. 
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Effect of particular colour patch transition lengths on male attractiveness 
The lengths of six different kinds of colour patch boundaries predicted male 
attractiveness but with different signs. The boundary lengths between fuzzy-black-
body, fuzzy black-violet, black-orange and black-silver were positively correlated to 
male attractiveness whereas fuzzy black-green and black-violet were negatively 
correlated to male attractiveness. Interestingly, these possess either black of fuzzy 
black as one member of the colour pair. All these transitions possessed a high 
achromatic ΔS between patches but different chromatic ΔS (only black-orange, black-
violet and fuzzy black-violet possessed a high chromatic ΔS). This suggests that 
achromatic cues could be preferably used in the assessment of boundaries' lengths 
compared to chromatic and that they could be used in mate choice or in species 
recognition. For example, the chromatic ΔS between black and silver was lower than 
one which means that luminance (achromatic cues) is the cue assessed by females to 
differential between those two colour patches. The transition between fuzzy black 
and body was the most common among the experimental males and was the only 
transition that was present in all males. Males with a longer boundary length 
between body and fuzzy black presented bigger or more fuzzy black patches. The 
positive effect of the boundary between black and orange on male attractiveness 
support previous studies that showed that black patches were acting as signal 
amplifiers of orange patches (Brooks, 1996). Interestingly, our finding suggests that 
melanin could also be a signal amplifier of structural colour patches as violet and 
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Effects of particular colour patches transition length and ΔS on mean BSA metrics 
As expected from the way mΔS is calculated and the fact that all males display 
colour patches of different size and contact length with neighbouring patches, 
boundary lengths explained chromatic and achromatic mΔS better than boundary 
intensity (ΔS). Chromatic mΔS was predicted by boundary lengths for body-fuzzy 
black, body-violet, fuzzy black-green, fuzzy black-violet and green-violet 
combinations whereas it was predicted by ΔS for the body-silver pair.  
The boundary length between body and four colours: black, fuzzy black, 
orange and silver, between black-orange, fuzzy black-orange, fuzzy black-green and 
fuzzy black-violet significantly explained achromatic mΔS. The boundary ΔS between 
body-violet and black-green significantly explained males’ achromatic mΔS. The high 
number of melanin-based patches explaining the BSA metrics highlights once again 
the particular importance of those patches in mate choice. It is clear that different 
colour combinations contribute to overall contrast in different ways, and that black 
has a strong effect on the entire pattern contrast with respect to both chromatic and 
achromatic components of the pattern. 
 
Conclusion 
Our study has demonstrated that the boundary strength analysis (BSA) 
metrics can successfully predict and explain mate choice in guppies.  The difference 
of BSA metrics’ significance (mean versus CV BSA metrics explaining male 
attractiveness) between this and our previous study, and the large differences in 
experimental environments between them, demonstrates that careful control of the 
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light environment and the visual background is essential to a meaningful result. 
Natural populations see potential mates against a variety of different backgrounds 
and each background may have a very different effect on the male's appearance and 
hence his fitness. Given this and the effect of different light environments on visual 
contrast, this suggests that males should display in light (Cole & Endler, 2016) and 
against backgrounds which maximise their conspicuousness to females (Endler, 
1983).  We also showed that melanin-based pigments in the guppy’s patterns can be 
used as signal amplifiers not only for orange colour patches but for multiple colours 
including structural colour patches.  All of our results emphasise the importance of 
including pattern geometry information in the evaluation of colour-mediated 
behaviours and being aware of the interaction between colour patterns, visual 
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5.8 Supplementary material, figures and tables 
Supplementary material 
 
Section S5.1: Male photography 
After the trials, the males were photographed on both sides using a Nikon 
D5100 camera and a Nikkor micro 60mm lens. They were anaesthetised using a 0.2% 
aqueous solution of ethyl 3-aminobenzoate methane sulfonic acid salt (MS-222) then 
placed on a white background with 0.5 cm of the anaesthetic solution and illuminated 
by two fluorescent lights and flexible microscope stage illumination to maximise the 
colour clarity. The manipulation and photography took less than one minute for all 
fish. We placed the fish in a separate tank to recover. All fish fully recovered within 
two minutes of being anaesthetized. 
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Section S5.2: Guppy visual system and calculation of ΔS between adjacent patches 
We used the formulae in Vorobyev & Osorio (1998) and Kelber et al. (2003) 
to calculate ∆S for each colour transition (see also Chapter 4). Photoreceptors in the 
guppy retina form a regular mosaic (Long, 1993) and this yields photoreceptor 
abundances ratios of 1:1:2:2 for UVS, SWS, MWS and LWS respectively (Long, 1993; 
Laver & Taylor, 2011). The square root of relative photoreceptor abundance is the 
denominator of the Weber fraction. We conservatively used 0.2 as the standard 
deviation of the noise in a single receptor cell (i.e., numerator of the Weber fraction, 
σ in equation 1 of Olsson, Lind, & Kelber, 2015) to calculate receptor noise. We used 
photoreceptor spectral sensitivities based upon both microspectrophotometry (MSP) 
and opsin expression data (reviewed in Kawamura et al. 2016, Sandkam et al. 2018, 
Kranz et al. 2018): SWS1 (UVS, peak of cone spectral sensitivity λmax= 359nm), 
SWS2b (SWS, λmax= 408nm), Rh2-2 (MWS, λmax= 465nm) and LWS3 (LWS, λmax= 
560nm). We used the environmental light irradiance presented in Figure S5.1 and the 
mean reflectance spectra measurements of each colour class (Figure S5.2) from a 
previous study in the same population (Cole and Endler, 2015) to estimate the cone 
capture of each colour patch. 
We calculated chromatic or achromatic ∆S between two adjacent colour 
classes and measured the total length of the contact (common boundary) line for 
each individual. Then we combined ∆S and their lengths for each colour pair to 
calculate the weighted mean and CV over the entire guppy pattern, m∆S and cv∆S 
respectively. Only coloured patches sharing a common boundary were used to 
estimate m∆S and cv∆S. When body colour was adjacent to a coloured patch the ∆S 
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between that colour and the body colour was calculated. m∆S is thus a contrast 
measure of the entire male pattern based on which colours are in contact and cv∆S a 
measure of contrast heterogeneity across the male pattern. A higher cv∆S indicates 
more variable edge contrast across the male colour pattern. 
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Formula= (log (TimeWithMale) ~ M-Achromatic + M-Chromatic + MaleResponse + 
MalePositionTank + M-Achromatic: MaleResponse + M-Chromatic: MaleResponse + M-
Achromatic: MalePositionTank + M-Chromatic: MalePositionTank +  
Lmer2: 
Formula= (log (TimeWithMale) ~ CV-Achromatic + CV-Chromatic + MaleResponse + 
MalePositionTank + CV-Achromatic: MaleResponse + CV-Chromatic: MaleResponse + CV-
Achromatic: MalePositionTank + CV-Chromatic: MalePositionTank +  
 
 
Example of the random slope and intercept tested for the lmer 1:  
 
Day correspond of the day of experiment (from 1 to 6), Trial correspond to the trial 
number within each session (from 1 to 4). When Day and Trial were added as random 
intercept, there were also included them in the model as a fixed variable. 
 
 random effects controlling for time 
summary(m1<-lmer(FORMULA+ (1|female),data=d)) 
summary(m2<-lmer(FORMULA+ (1|female)+(1|Day),data=d)) 







 random effects controlling for time and males contrast measures 
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Figure S5.2: Spectral reflectance curves of the 11 colour classes and body colour measured on Males guppies with Ocean Optics USB2000+ spectrometer. The data 
were obtained from Cole and Endler (2015) and from supplementary measurements by Dr. Gemma Cole performed in 2016. The same methods were used.  
 




Figure S5.3: Effect of the male response on its attractiveness. Male attractiveness is the log 
of the proportion of time that a female spent with a given male (i.e., time in his preference 
zone). Male response is the time that a male was responsive to a given female divided by the 




Chapter 5                                                                                                                                   -  242 -  
 
 
Figure S5.4: Effect of the male position on its attractiveness. Male attractiveness is the log of 
the proportion of time that a female spent with a given male (i.e., time in his preference 
zone). Male position is given according to the female point of view. 
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Supplementary tables 
Table S5.1: Experimental setup. Each trio of three males labelled from A to T were presented 
to each of the females (from 1 to 8). 
 
 
Chapter 5                                                                                                                                   -  244 -  
 
Table S5.2: Chromatic and achromatic ΔS for each colour pairs.  
Colour pairs ΔS for each transition 
 Chromatic Achromatic 
Body: Black 2.64 21.29 
Body: Fuzzy Black 1.07 12.07 
Body: Orange 3.34 3.60 
Body:Green 0.99 7.57 
Body:Silver 2.04 4.13 
Body:Violet 4.99 4.79 
Black:FuzzyBlack 1.65 9.23 
Black: Orange 3.20 24.89 
Black: Green 2.09 28.86 
Black: Silver 0.63 25.42 
Black: Violet 2.36 26.09 
Fuzzy Black: Orange 2.73 15.67 
Fuzzy Black: Green 1.05 19.63 
Fuzzy Black:Silver 1.04 16.20 
Fuzzy Black: Violet 3.96 16.86 
Orange:Green 3.49 3.97 
Orange: Silver 2.88 0.53 
Orange:Violet 4.46 1.19 
Green: Silver 1.55 3.44 
Green:Violet 4.40 2.77 
Silver:Violet 2.95 0.66 
 
 







This thesis aimed to fill gaps in our knowledge regarding the evolution of 
colour, colour pattern and polymorphism. I used different approaches to evaluate 
colour discrimination in animals and understand colour mediated behaviour in a 
polymorphic species, the guppy (Poecilia reticulata). My goals were to (1) evaluate if 
a visual model predicting colour discrimination matched the actual behavioural 
threshold of discrimination obtained with behavioural experiments, (2) test the 
innate behavioural response for detecting and discriminating a large range of band-
pass colour stimuli presented at different spatial locations, (3) assess the use of local 
versus global contrast in colour mediated behaviour and (4) estimate the effects of 
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6.1 Can the receptor noise limited model be used to explain 
colour discrimination in guppies? 
Chapter 2 aimed to determine if the RNL model (Vorobyev & Osorio, 1988) 
matched the actual discrimination threshold obtained from behavioural data in the 
guppy. Validating predictions made by this model was essential in this project 
because in a subsequent chapter I used the RNL model to describe male colour 
pattern according to female eyes, to understand colour mediated behaviour and the 
evolution of colour pattern in this species. 
I tested if the sensed distance (ΔS) between colours matched the behavioural 
threshold of colour discrimination using a learning-based protocol (Kelber et al., 
2003). Female guppies were tested on their colour detection abilities over six colour 
gradients which allowed me to determine if discrimination thresholds were 
homogeneous throughout their colour space. I used the receptor noised limited (RNL) 
model to predict the sensed distance (ΔS) of target colour stimuli against the grey 
background. For four colour gradients, I obtained a behavioural discrimination 
threshold that matched the predictions made by the model fairly well. However, two 
of the colours, yellow and purple, showed deviations from the model. This suggests 
possible effects of innate behaviours (e.g., neophobia or aposematism), prior 
experience or other processing in the retina. These could modify behaviour 
differently from that predicted from the RNL model. Moreover, it is important to 
remember that using 0.2 for the SD of the photoreceptor noise for calculation of ΔS 
is arbitrary and based upon other species. In general, the results from chapter 2 
indicate that the RNL is a good indicator of the colour discrimination threshold in the 
guppy for most colours tested if the noise in their photoreceptor is superior or equal 
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to 0.2. This chapter emphasized that the ecological, experience or fitness-related 
relevance of some colours could affect decision-making in a behavioural context, and 
that we can no longer assume that the rules for colour discrimination are 
independent of colours. Thereby, this highlights the importance of determining the 
validity of the RNL model for species showing colour-mediated behaviours and the 
advantage of testing it over multiple colour gradients. 
 
 
6.2 Do retinal heterogeneity and position of viewed objects 
affect colour related behaviours in male and female guppies? 
Knowing that some of the colour discrimination thresholds may be linked to 
the behavioural context, I wanted to test if guppies reacted differently to the same 
colour stimuli when it was presented at different positions relative to the body. In 
the wild guppies perform various behaviours at different locations, for example the 
stream bed and water surface, and therefore expose different retinal regions to 
different visual environments (Krause & Godin, 1996; Houde, 1997; Zandonà et al., 
2011). This could explain the evolution of spatial heterogeneity in the guppy retina 
(Laver & Taylor, 2011; Sandkam et al., 2018), and could generate different reactions 
either to different colour stimuli, or to the same colour stimulus presented at 
different spatial locations. In fact there could be a positive feedback loop between 
the retina and the conditions ‘above’ and ‘below’ which would actively drive 
evolutionary differences in both retinal geometry and behaviour. 
I tested the behavioural response of 50 male and 50 female guppies to 12 
narrow-band wavelength stimuli, where the stimuli were presented at the top or at 
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the bottom of the experimental apparatus. I found that the behavioural response of 
both males and females was affected by the stimulus wavelength, position and 
speed. More intense behaviours were performed towards long wavelength stimuli 
(>500nm) which could be explained by the fact that double cones are used in both 
colour and motion detection and are long-wavelength sensitive. Differences in the 
behaviour of the fish towards the top or bottom positions of the longer wavelength 
stimuli are consistent with spatial differences in long wavelength sensitive (LWS) 
opsins in the dorsal versus ventral retina. Thus, our results were partially explained 
by the differences in the function and spatial arrangement of the photoreceptor cells 
in the retina. However, not all of our results were explained by retinal geometry. For 
example, white and short wavelength stimuli leaded to a higher propensity of 
response when presented on the bottom of the experimental apparatus. Therefore, 
our results probably also reflect interactions between the visual system and 
ecological factors such as mate choice and foraging. Indeed, males showed stronger 
behavioural responses than females, whereas females performed more foraging-
related behaviours (pecking). The former behaviour could be an advantage in intra-
sexual competition while the latter is beneficial for offspring production (Reznick & 
Yang, 1993). 
Our results suggest that the spatial requirements of visual tasks and their 
ecological context are important in colour-mediated behaviour, and appear to be 
partly correlated with photoreceptor arrangement in the retina. Together with the 
results obtained in the previous chapter, I emphasise the importance of the 
surrounding environment and ecological factors in colour based behaviour and the 
coevolution of vision, visual tasks and colour pattern. When environments vary we 
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can observe a diversity of ecological relevance for various colour stimuli and a high 
diversity of response depending on both the colour stimulus itself and the 
environmental context. The use of colour is highly context dependent and this should 
be carefully controlled in the study of colour-mediated behaviour. 
 
 
6.3 Can the receptor noise limited model (tested in a previous 
chapter to estimate colour discrimination in guppies), be used 
to describe colour pattern and explain mate choice in guppies 
(a colour mediated behaviour)? 
Position and adjacency of colour patches in animal colour patterns can have 
an influence on the efficiency of transmitting colour-based information (Endler & 
Mielke, 2005; Cole, 2013; Endler et al., 2018). To describe how male pattern contrast 
affected male attractiveness I used two different methods which estimate male 
pattern contrast with respect to pattern geometry (boundary strength analysis –BSA- 
which measure the intensity of the boundary between adjacent patches, Endler et 
al., 2018) and male pattern global contrast (overall pattern contrast, OPC, which does 
not take into account whether or not different colour patches came into contact, 
Endler & Mielke, 2005). To test if both local and global contrast measures affected 
male attractiveness, and to maximise variation in colour pattern appearance, I ran 
mate choice trials under three different light environments: red, broad spectrum and 
blue.  
My results showed that the light environment affected all contrast measures.  
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The BSA metrics, which estimate the intensity of the contrast between 
adjacent patches, was a better predictor of mate choice than OPC metrics. This 
indicates that the RNL model was successful in explaining colour mediated behaviour, 
and that local visual contrast appears to be more important than overall pattern 
contrast in determining guppy mate choice. This is supported by the knowledge 
about image processing in the retina and the brain, where stronger and longer patch 
edges stimulate receptive fields in the retina more intensely than the same colours 
far apart (Elder & Sachs, 2004; Stevens & Cuthill, 2006). 
Males were more attractive when they displayed a high CV ΔS independently 
of the light environment. This could be led by the trade-off between sexual and 
natural selection, where local high chromatic boundary contrast CV ΔS could be 
favoured because it is highly detectable by females during male display over short 
distances, whilst local contrast could be inconspicuous from greater distances and 
therefore would be advantageous under predation, which occurs at much larger 
distances than courtship.  
These results emphasize that local contrast is important and that careful 
control of the light environment is necessary during behavioural experiments, 
because the light spectrum can impact reflectance of colour patches. 
 While contrast of boundaries across individual patterns are widely evaluated 
in a context of aposematism, few studies have determined their importance in mate 
choice. This study has implications for the evolution of colour patterns in the context 
of sexual selection, and the relative importance of the different colour pattern 
components, which has not previously been considered. 
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6.4 Do specific adjacent patch boundaries explain male 
attractiveness in a natural light environment? 
Following up from the previous study, I decided to investigate if BSA explained 
mate choice under a light which mimicked the natural guppy environment, and if 
some boundary lengths affected mate choice more than others. A mate choice 
experiment was performed under a broad spectrum light environment including UV, 
which is present in sunlight and has been shown to be used by females as a basis for 
mate choice. Once again, I found that BSA was a good predictor of mate choice. 
However, this time, I found that males were more attractive when they displayed 
higher mean ΔS (contrary to cv ΔS in the previous chapter). The difference in 
significant metrics possibly arises because the visual background was white in the 
previous experiment and dark in this experiment as well as the absence or presence 
of UV. This demonstrates that careful control of both light environment and visual 
background is essential for meaningful results. Natural populations see potential 
mates against a variety of different backgrounds, and each background may have a 
very different effect on the male fitness. In fact this may even favour colour 
polymorphism. 
I also found that particular kinds of boundaries between adjacent colours 
significantly affected male attractiveness. Those boundaries were always between 
one patch containing melanin-based pigment (black or fuzzy black) and another patch 
of either structural (green, violet, silver) or pigment-based (orange) colour. This 
indicates that melanin-based patches could be used as a signal amplifier, not only for 
orange but for other colours. Therefore, multiple combination of colour pairs could 
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be selected in a mate choice context, and that could maintain colour pattern 
polymorphism within populations. The results from both these studies emphasise the 
importance of including pattern geometry information in the evaluation of colour-
mediated behaviours, and being aware of the interaction between colour patterns, 
visual backgrounds and choice behaviour. 
 
 
6.5 Conclusion  
Throughout this project, I have shown that the RNL model can predict guppy 
colour discrimination and colour-based behaviour. I emphasise that caution is 
needed in using the RNL model because it does not account for information 
processing in the brain, where the ecological relevance of some colours and prior 
experience associated with some colours, might influence behaviour and generate 
deviation from the model. I also suggest that exact measurement of the 
photoreceptor SD noise is needed to confirm the validity of the RNL model at 
predicting guppy and other species discrimination thresholds.  
 
I have shown that the BSA, which uses the RNL model to measure the sensed 
difference between adjacent patches, was a good metric to describe male pattern 
and that it significantly affected mate attractiveness in two different experiments. 
However, I emphasise that light environment and visual background can have very 
strong effects on behaviour, presumably by altering perception and therefore 
females would choose either males with highly contrasted adjacent patches all over 
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the their pattern or males with variation in their pattern displaying highly contrasted 
adjacent patches only in some area. I recommend that light and visual backgrounds 
should mimic natural environments in order to obtain realistic conclusions about the 
processes of natural selection, sexual selection and the evolution of colour patterns 
in the wild. In addition, the results from chapter 3 showed that not only the 
wavelength but also the position of visual stimuli in the water column can affect the 
intensity of behavioural response. This is probably related to the spatial arrangement 
of photoreceptors within the guppy retina, but also to the ecological relevance of 
behaviours performed at particular spatial locations such as water surface and 
streambed foraging.      
 
During this project, it became obvious that particular attention needs to be 
given to the design of colour discrimination tests. Experiments performed along this 
project raised the concern that discrimination experiments using learned responses 
and presenting two stimuli (target and distractor) to the focal individual, could lead 
to biased results because individuals use cognitive processes (e.g., memorisation, 
innate preference for some colours, decision making and reference to prior 
experience). Indeed, differences in conditioning or testing procedures can lead to 
differences in discrimination thresholds’ results (Dyer & Chittka, 2004; Dyer & 
Neumeyer, 2005) and these are not addressed by the RNL model. Testing detection 
limits this bias because the target stimulus is directly in contact the non-rewarded 
colour. In the wild, both detection and discrimination are required in behavioural 
tasks (e.g., foraging, predator recognition, and assessment of individual colour 
pattern). Therefore, both aspects of colour need to be studied. Using a narrow gap 
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between stimuli presented during a learned response experiment could allow 
obtaining precise conclusions about individuals’ discrimination whilst increasing the 
distance between the stimuli force individuals to use memorisation and could lead to 
different threshold results for the same pair of stimuli (preliminary results from an 
ongoing experiment). 
 
Finally, some gaps still need to be filled in order to have a more complete 
understanding of the evolution of both colour polymorphism and colour pattern in 
species using colour mediated behaviour. Further work is needed to evaluate the 
threshold of discrimination of achromatic cues. The evaluation of achromatic cue 
perception is particularly relevant because achromatic pattern elements are used in 
colour pattern mediated behaviours and tasks linked to fitness (Jones & Osorio, 2004; 
Olsson et al., 2018). For example, this project has shown that achromatic ΔS may be 
a cue exploited by females due to its reliability and stability in varying environments. 
However, further studies are needed to validate the stability of achromatic ΔS cues 
in different species and in different light environments. Further work is also needed 
when considering the geometry of colour patterns, to determine how colour pattern 
geometry evolves, and whether sexual selection acts on combinations of local 
components in a pattern rather than the pattern as a whole and finally how it is all 
affected by the environment.  
 
Taken together, the different experiments conducted during this research 
project offer a broad understanding of guppy visual discrimination and the 
subsequent colour-mediated behaviours. This project demonstrates that the joint 
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effects of environment, vision and visual signals are essential to understanding the 
evolution of colour and colour pattern in nature. 
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“We know how a guppy will see 
At least theoretically 
But this doesn't account 
For the observed amount 
Colors differ in their JND” 
 
Benji Kessler (UC Berkeley). Written after seeing my poster presentation describing the 
results from the chapter 2 of this thesis at Lund University, Sensory Ecology course, 2016 
